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Alpine regions contribute 60 % of annual surface runoff, playing an important role in regulating 
the global water balance.  Many of the world’s major river networks originate from alpine 
headwater basins, popularizing mountains as the “Water Towers of the World”.  The Rocky 
Mountains represent Western Canada’s “Water Tower” since they store and distribute water 
resources to over 13 million people across Western Canada and the Pacific Northwest USA.  At 
the headwater, topography causes land surfaces to cycle in and out of shadows, creating distinct 
microclimates that strongly influence evapotranspiration (ET) and carbon fluxes.  Yet, relatively 
few studies have observed the relationship between the energy, water, and carbon fluxes of 
mountain catchments; and have rather focused on periods of snow and ice cover.  Therefore, 
understanding the contribution of subalpine wetlands to the water budget remains a leading 
hydrological need in mountain areas worldwide. 
This thesis attempts to address these knowledge gaps by investigating the influence of 
complex terrain on the spatial and temporal variability of shade across a subalpine wetland (2,083 
m a.s.l.) in the Canadian Rocky Mountains and the effect of shade on seasonal flux dynamics.  
Meteorological and eddy covariance equipment was installed from June 7th to September 10th to 
establish baseline environment conditions and to monitor the turbulent and radiative fluxes over 
the 2018 snow free period.  Hill shade and solar radiation models for clear-sky days were compared 
to field observations to understand how shade impacted the energy, water, and carbon fluxes.  
Water Use Efficiency (WUE) was used as a metric to understand the relationship between water 
and carbon cycling. 
Overall, shade shortened the growing season and prolonged snowmelt.  Shade was greatest 
near the headwall and reduced cumulative solar radiation by 86.4 MJ over the study period.  When 
shade was low and constant during the period of Stable Shade (June 7th – July 30th), it had a non-
significant relationship with incoming solar radiation (K↓) and net radiation (Q*); however, when 
shade rapidly increased during the period of Dynamic Shade (July 31st – September 10th) it strongly 
influenced K↓ and Q*.  On average, during Dynamic Shade, each hourly increase of shade per day, 
reduced K↓ and Q* by 32 W/m2 and 28 W/m2, equivalent to 13 % and 16 %, respectively.  Water 
and carbon fluxes had a similar response to shade as the energy fluxes.  Each hourly increase of 
shade reduced ET and Gross Primary Production (GPP) by similar margins: 17 % and 15 %, 
iv 
respectively.  Therefore, WUE remained relatively unaffected by horizon shade, because shade 
equally reduced ET and GPP.  These findings indicate that under uncertain future climate scenarios 
(i.e. increased risk of flood, drought, and forest fires), shade may be an important mechanism for 
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Chapter 1:  General Introduction 
1.0 Review of Key Literature 
1.1 Alpine Hydrology: Global and Local Contexts 
Alpine regions play an important role in regulating the global water balance.  Despite only covering 
approximately 20 % of the Earth’s terrestrial surface (Ives & Messerli, 1999), they contribute 40 
to 60 % of annual surface runoff (Grusson et al. 2015).  Therefore, many of the world’s major river 
networks originate from alpine sourced headwater basins, where downstream runoff from 
snowmelt may entirely comprise regional stream flow (Viviroli et al. 2011).  Approximately 40 % 
of the global population lives in watersheds sourced from alpine headwater rivers which is the 
primary drinking water supply for over 16 % of those residents (Meybeck et al. 2001; Barnett et 
al. 2005).  In the Western United States and Canada alone, over 60 million people rely on spring 
snowmelt from mountains as their primary water source for irrigation and municipal water supplies 
(Bales et al. 2006).  Mountains also provide a disproportionate amount of runoff compared to low 
lying valley regions and offer many ecosystem services at a range of spatial scales (European 
Environment Agency, 2010).  In areas that receive minimal precipitation during the summer 
months (i.e. the semi-arid Western USA and Canada), seasonal snow packs provide a natural and 
continuous water source for downstream users during dry summer and fall seasons (Barnett et al. 
2005).  Thus, many have popularized mountain regions as the “Water Towers of the World”, 
vocabulary often used in literature to describe the Swiss Alps and the Himalayan Mountains 
(European Environment Agency, 2009; Immerzeel, 2008). 
The Rocky Mountains are Western Canada’s Water Tower, since they store and distribute 
large quantities of water resources across the prairie provinces.  The Canadian Rockies are the 
primary water source for over 13 million people who reside in the provinces of British Columbia, 
Alberta, Saskatchewan, and Manitoba in addition to the states of Washington and Oregon (Fang 
et al. 2013).  Runoff from the Rockies supplies the Athabasca, Saskatchewan, Columbia, and 
Fraser Rivers, all important headwater resources for agriculture, the generation of hydroelectricity, 
municipal water sources, and industry operations downstream (Fang et al. 2013).  The South 
Saskatchewan River Watershed is an example of a basin where municipal water supply and 




Figure 1-1: South Saskatchewan River Basin drainage area. Major sub-watersheds are shown (Bow, 
Red Deer, Lower and Upper South Saskatchewan) and major cities (Data sources: Municipal 
boundaries, Statistics Canada (2016); Watershed boundaries, Government of Alberta (2018)).  
 
1.2 Alpine Climate: Global and Local Contexts 
Alpine climates differ from that of lowlands due to their geographic and environmental setting.  
There are four geographic features that strongly influence mountain climates, defined in Barry 
(1981) as: (i) latitude; (ii) continentality; (iii) altitude; and (iv) topography.   
Latitude influences the annual and seasonal cycles of temperature and precipitation that 
mountain areas receive (Beniston, 2006).  Increased latitude decreases the net radiation and 
temperature, which decreases the tree- and snow-line elevations (Barry, 1981).  Latitude plays a 
strong role in regulating temperature because mid- to high latitudes have a greater fluctuation in 
seasonal and diurnal climate (Barry, 1981).  For example, Niwot Ridge, Colorado experiences a 
seasonal temperature range of 21 °C and a diurnal temperature gradient of 6 to 8 °C depending on 
time of year (Barry, 1973).  Latitude also influences the type and amount of precipitation; in middle 
3 
 
to upper latitudes there is a well-defined winter season with prolonged periods of freezing 
temperatures and snow cover, resulting in over 80 % of their annual precipitation falling as snow 
(Geiger, 1965). 
Continentality is the proximity of a region to the ocean, and the influence of maritime 
climate on the landscape.  Therefore, mountains located inland (continental) have vastly different 
climates than those along the coast (maritime).  Continental mountains receive more sunshine 
(increased available radiative energy), less precipitation, and have a greater seasonal and diurnal 
temperature range (Beniston, 2006).  The treeline in continental mountains is often at higher 
elevations, influencing plant biodiversity in these regions (Beniston, 2006).  
Altitude is another important characteristic influencing mountain climate because 
atmospheric density, pressure and temperature each follow a decreasing trend with increasing 
height into the troposphere (Beniston, 2006).  Altitude also strongly influences radiation, wind, 
and precipitation (Barry, 1973).  Diurnal and seasonal air temperature ranges decrease with altitude 
because the atmosphere has a lower heat capacity at increased elevations (Beniston, 2006).  Studies 
in the Rocky Mountains have found that increases in elevation have often resulted in decreases in 
temperature but increases in precipitation (Millar et al. 2017).  Therefore, the distribution of 
ecosystems in mountain regions have a strong relationship with altitude (Beniston, 2006).  In fact, 
the relationship is so strong that mountain climate zones have been defined by the transition of 
vegetation within elevation bands (Beniston, 2006).   
The final geographic feature outlined by Barry (1981) is topography, which is an important 
control on local mountain climates because slope, aspect, and land surface exposure redistribute 
solar energy and influence how (and when) it reaches the surface (Beniston, 2006).  Aspect 
determines whether a surface will receive any incident radiation; while the surrounding topography 
may act as a barrier to block radiation from reaching the surface (Beniston, 2006).  Depending on 
the sun’s azimuth within the sky, the topographic barrier may shade different areas at different 
times of the year.  Topography may also influence the amount and type of precipitation over 
mountain regions.  Mountains behave like a barrier that forces moist air upward until it reaches 
the condensation level and creates mist, fog, clouds, and precipitation (Beniston, 2006).  Therefore, 
precipitation often occurs on the windward side of the mountain due to complexities associated 
with uplift (Beniston, 2006). 
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1.3 Alpine Climate: Climate Change 
Climate change is an evolving threat to extreme ecosystems where vegetation exists at the extent 
of its environmental tolerance limits (Bavay et al. 2015).  Alpine environments are examples of 
extreme ecosystems because complex terrain restricts light, temperature, and/or moisture available 
to the surface (Barros et al. 2017).  Confirmed by the Fourth Assessment Report published by the 
Intergovernmental Panel on Climate Change (IPCC 4AR), research has found that warming in 
extreme environments will be greatest in northern latitudes and upper alpine basins.  The report 
found that the global average air temperature increased by an average of 0.6 °C over the 20 th 
century (IPCC, 2001), and that temperatures in the alpine zone rose over 1.2 °C during the same 
period (Böhm et al. 2001).   
Recent studies have found that temperatures in Canada have been warming at double the 
global rate, with even greater rates in upper altitudes and latitudes (Bush & Lemmen, 2019).  
Increased temperatures in mountain landscapes, associated with climate change, have already led 
to earlier spring snowmelt and runoff, a decreased snowpack, and an increase in winter rain on 
snow events (Regonda et al. 2004; Christensen & Lettenmaier, 2007; Ashfaq et al. 2013). Due to 
increasingly harsh climates, shorter growing seasons, and the shift in key hydrological events, it 
will become increasingly difficult for current alpine ecosystems to adapt to new climate extremes 
and pressing ecological disturbances (Baron et al. 2009).  Many regions within the North American 
Rocky Mountains have begun to experience climate change, including increased drought, fire, and 
insect outbreak like the mountain pine beetle (Desai et al. 2011; Rood et al. 2008).  Because 
mountains are highly susceptible to negative impacts associated with climate change, further 
research is required on understanding their ecohydrological characteristics (Beniston, 2003).  
1.4 Alpine Wetlands and Vegetation 
An accurate estimate of the global extent of alpine wetlands does not yet exist; however, 
environmental conditions within mountain terrain promote the establishment of wetlands in alpine 
stretches, such as intermountain basins and high mountain valleys (Windell et al. 1986).  Alpine 
wetlands play a significant role in the ecosystem functionality of mountain landscapes and nearby 
lowlands by providing important hydrological and ecological controls.  For example, alpine 
wetlands mitigate flooding, minimize storm damage, provide water for consumption and irrigation, 
and support important ecological habitats (Aber et al. 2012).   
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Alpine vegetation often experiences a shorter growing season than those located in 
lowlands, which influences plant phenology.  As a result, vegetation in the alpine zone experiences 
slow growth rates and extended life cycles (Pauli et al. 1999).  Thus, mountain regions have high 
plant biodiversity, but exhibit distinct ecotones with sharp changes from landscapes dominated by 
vegetation and soil, to those by snow and ice (Beniston, 2006).  Mountain vegetation is also often 
endemic, due to isolation and a lack of competition at higher elevations (Beniston, 2006).  
Therefore, flora located within the alpine zone is at the edge of its environmental tolerance and is 
vulnerable to any small changes in the abiotic processes governing them, particularly climate 
(Cannone et al. 2007).  Because of slow growth rates and longer life cycles of species (Pauli et al. 
1999), alpine vegetation is expected to be more sensitive to long term changes in climate and less 
sensitive to temporary climate fluctuations (Gottfried et al. 1998; Theurillat & Guisan, 2001).  This 
complex relationship between vegetation and climate in mountains has been proven by a shift in 
community composition over the last 50 years (Cannone et al. 2007).  From 1953 to 2003 there 
has been an upward migration of tree and woody shrubs by 120 – 340 m (Kullman, 2002), and 40 
– 50 m for alpine and nival plant species (Grabherr et al. 1994; Walther et al. 2005).  In the 
elevation band of 2230 to 2400 m.a.s.l. there has been a 33 % increase of shrubs, a 31 % decrease 
in grasslands and a 7 % decrease in wetlands (Cannone et al. 2007).  
1.5 Knowledge Gaps 
There are numerous anthropogenically induced issues facing mountain regions that require 
increased understanding of these complex environments.  Population growth into alpine areas has 
increased the accessibility to previously untouched landscapes, and has provided the opportunity 
for agriculture, forestry, mining, and hydroelectric developments.  The impacts associated with 
these changes, coupled with uncertainties regarding climate change have allowed forest 
disturbance to occur and increase wildfire risk, insect infestation, and disease (Fang et al. 2013).  
Due to anticipated risks in future drought and flooding, increased hydrologic knowledge and 
understanding within alpine catchments is required (Bales et al. 2006).  Therefore, the literature 
has identified a greater understanding of the processes that regulate the partitioning of energy and 
water fluxes into and out of these complex systems as a leading hydrological need in mountain 
areas worldwide (Bales et al. 2006).  
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Topographic aspect is an important control in alpine ecosystems because it regulates the 
amount of incident solar radiation that is able to reach the surface (Chen et al. 2016).  Fluctuations 
in radiation during the day from shading influence the local microclimate and its hydrothermal 
processes like evapotranspiration (ET) (Badano et al. 2005; Benniea et al. 2008).  Therefore, light 
availability and the radiation balance are important abiotic factors that limit plant growth 
worldwide, yet little is known about their role, or relative importance within the alpine zone 
(Larcher, 2006; Onipchenko et al. 2001).  Although ET has been extensively researched, it and 
other physical processes remain poorly characterized within a broad range of different wetland 
types (Souch et al. 1996).  ET measurements are also highly variable within different vegetation 
and climate zones, so wetland types that have been extensively monitored are not fully comparable 
to those that are less understood (Campbell & Williamson, 1997). 
Wetlands are one of the largest unknown ecosystems in regard to understanding future 
carbon budgets (Sulman et al. 2009).  Relatively few studies have been conducted on carbon 
cycling in alpine wetlands, and as a result, these systems remain some of the least understood 
(Wickland, 2001; Cao et al. 2017).  Although it has been found that under future climate change 
scenarios wetlands may shift from sink to source, minimal research has been done on determining 
carbon source/sink strength in alpine wetlands and its controlling variables (Cao et al. 2017).  
Therefore, further research is required to broaden our knowledge on ecosystem carbon exchange, 
its controlling mechanisms, and on carbon uptake in mountain wetlands. 
1.6 Research Objectives 
The overall research objective of this thesis is to enhance the literature on microclimates within 
complex terrain.  This thesis will focus on a heavily shaded wetland site in the Kananaskis Valley 
of the Canadian Rocky Mountains.  This is the first of a four-chapter manuscript style thesis, which 
began by providing a detailed background on existing literature and the rationale for this study.  
The second chapter (manuscript 1) will focus on the spatial and temporal patterns of shade and 
how that influences incident solar radiation and components of the surface energy budget; while, 
the third chapter (manuscript 2) will investigate 2018 seasonal flux patterns (water and carbon) 
and the influence of shade on daily fluxes.  Chapter 4 will provide a summary of the study and 
address limitations that were encountered. 
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Chapter 2: Manuscript 1: Horizon shade reduces energy fluxes 
and influences the microclimate of a subalpine wetland in the 
Canadian Rocky Mountains. 
2.1 Introduction 
Earth’s boundary layer energy fluxes control many hydrological processes.  Within mountain 
landscapes, the partitioning of energy directly influences regional hydrology, including: snowpack 
formation, the timing of snowmelt, and the availability of water for soil and vegetation use 
throughout the growing season (Turnipseed et al. 2002).  The closed energy budget for mountain 
ecosystems is expressed as, 
Q* = Qe + Qh + Qg     (1) 
where the net available energy (Q*) is partitioned between the turbulent fluxes of latent (Qe) and 
sensible (Qh) heat, and the conductive flux of ground heat (Qg).  The energy budget is important 
at the surface to help control moisture conditions (Knowles et al. 2015).  The energy budget is 
often negative during the winter months and overnight, and is characterized by cool temperatures 
that may reach below 0°C and permit water to freeze.  However, positive net energy during the 
summer drives warming surface temperatures and promotes the transfer of energy from the surface 
to the lower atmosphere.   
Shortwave (K↓)  downwelling radiative fluxes is part of the surface radiation balance and 
is important to consider when evaluating snow melt and mountain water storage.  The radiation 
budget at any location on the Earth’s surface is defined as, 
Q* = K* + L* = K↓ - K↑ + L↓ - L↑    (2) 
where Q*, K*, and L* are net all-wave, shortwave, and longwave radiation, respectively.  K* is 
defined by incident shortwave radiation (K↓) and reflected (outgoing) shortwave radiation (K↑), 
while L* represents incident longwave radiation (L↓) and reflected (outgoing) longwave radiation 
(L↑).  K↓ generally has low spatial variability over small areas, except for regions with complex 
terrain (Oke, 1987; Ma et al. 2016).  Direct solar radiation received at the Earth’s surface is a 
function of latitude, time of day and year.  However, topography is another important variable to 
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consider, especially in mountain landscapes, where it may dramatically change the amount of 
radiation that reaches the surface during different daily and seasonal periods (Oke, 1987; Spokas 
& Forcella, 2006; Ebrahimi & Marshall, 2016).    
 
Figure 2-1: Conceptual model of a (A) self and (B) horizon shadows in an alpine environment. 
In mountain regions, topographical features like slope, aspect, and land surface exposure 
have a direct relationship with the surface energy balance and may lead to the establishment of 
localized microclimate conditions.  Shadows are common features in mountains where summits, 
ridges, and headwalls act as barriers to light.  Different types of shadows have been described in 
alpine regions.  A horizon shadow (Figure 2-1B) is a condition when the land surface is shaded 
from surrounding topography (i.e. a summit, headwall, or ridge), because it is below the local 
horizon and blocked from direct-beam irradiance (Essery & Marks, 2007; Marsh et al. 2012).  Self 
shadows are a subclass of horizon shadows and are more associated with aspect (Figure 2-1A) 
(Marsh et al. 2012).  Under self-shadow conditions, the shadow is cast by a terrain feature onto 
itself when the slope is facing away from the sun (Marsh et al. 2012).  Both shadow types promote 
large differences in K↓ and impact the surface energy budget over small surface areas (Marsh et 
al. 2012).  The result is that microclimates are established in areas of complex terrain, because land 
surfaces are constantly being cycled in and out of shadows that results in a lower daily radiative 
input compared to surrounding non-shadowed regions.  Microclimates that result from horizon 
shadows are important within alpine systems, through regulating temperature, photosynthesis, and 
vegetation phenology (Pomeroy et al. 2003; Dymond, 2002).  For example, studies in the 
Scandinavian Mountains of Northern Europe have found that complex terrain decreases average 
annual temperatures by 2 – 6°C (Ackerly, 2010; Scherrer & Korner, 2011; Graae et al. 2012; 
Lenoir et al. 2013). 
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Alpine wetlands were chosen for this study because they are important features within these 
landscapes and provide significant hydrological and ecological services by mitigating floods, 
minimizing storm damage, providing water for downstream communities, and supporting 
important habitats (Aber et al. 2012).  While we know that shadows influence temperatures and 
plants, little to no work has been done on the direct impact of shadows on the surface energy 
balance and how those impacts affect local hydrology (Larcher, 2006; Onipchenko et al. 2001). 
Historically, research on the relationship between energy and water fluxes in mountain ecosystems 
has observed snow melt processes during transitional periods of snow and ice cover (Pluss & 
Mazzoni, 1994; Marks et al. 2008; Ma et al. 2016).  Therefore, a greater understanding of the 
processes that regulate the partitioning of energy and water into and out of alpine wetlands during 
the growing season is a leading hydrological need in mountain areas worldwide (Bales et al. 2006).  
As a result, the goal of this paper is to quantify the influence of complex terrain on the energy 
budget within isolated microclimates, using a sub-alpine wetland as an example given the strong 
controls of radiation on the mass and energy fluxes in a non-moisture limited system.  The 
objectives are to: (1) partition the energy budget of a sub-alpine wetland; and (2) evaluate the 
impact of horizon shade on solar radiation and components of the energy budget.  
2.2 Study Site 
The study was conducted at a wetland on Fortress Mountain (50.82°N, 115.21°W), a privately-
owned alpine ski resort in the Kananaskis Valley, which marks the front range of the Canadian 
Rocky Mountains.  Fortress Mountain is located 30 km South of Canmore and 80 km West of 
Calgary, Alberta (Figure 2A).  A tall steep headwall of approximately 500 m in height marks the 
southern boundary, an ephemeral tarn is located 200 m to the North, while Canadian and Fortress 
Ridges (~150 m) are the drainage divides 500 m to East and 1.7 km to the West (Figure 2-2C).  
The alpine wetland (2,083 m a.s.l.) from here on referred to as Bonsai, falls within the marsh 
meadow with freshwater classification of Rocky Mountain wetlands (Windell et al. 1986), is 
located directly beneath the headwall and covers approximately 1 ha (Figure 2-2C).  The wetland 
is mostly flat, with a moderate increasing slope of 6 degrees resulting from a 3 m change in 
elevation over 50 m in horizontal distance from the tarn to the talus slopes.  The talus slopes rise 
approximately 200 m above Bonsai and extends from the wetland to the base of the headwall.  The 
headwall to the South and ridge to the East of the wetland provide a topographic barrier that is 
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believed to influence the ecohydrological characteristics of the site (Christensen, 2017).  The 
wetland is shaded for extended periods of time during the day, but the total daily duration of shade 
shifts from spring (longer) to summer (shorter) and fall (longer). This shading has created a 
microclimate that promotes a thick snowpack, long snow-covered season, an extended spring melt, 
and a constrained growing period compared to other more exposed areas on Fortress Mountain 
(Figure 2-3). 
 
Figure 2-2: Site map Bonsai wetland, showing the location of equipment/sampling, its location in the 
province of Alberta and the Eastern Rockies (A/B), and LIDAR imagery of the basin with daily sun 




Figure 2-3: Images of the seasonal evolution of Bonsai during A) Snow Cover, B) Snow Melt, C) Green 
Up, and D) Peak Growing Season.  Images were taken during the 2018 field campaign on A) June 8th, 
B) June 18th, C) July 6th, D) July 26th.  
Surface water from two creeks meet at a confluence in the North-Central section of the 
wetland and drain into a tarn which feeds Galatea Creek, and later, the Kananaskis River (a 
tributary to the Bow River).  The two main stream branches follow the East and West boundaries 
of the wetland and are fed by springs emerging from talus deposits (Christensen, 2017).  The 
Eastern stream floods during spring melt and water pools above the ground surface for several 
weeks in the North-East corner.  Following spring melt, the stream in the West flows continuously 
during the growing season, but the stream in the East often dries by midseason. 
Climate conditions within the Kananaskis Valley are representative of continental air 
masses where winters are generally long and cold, with an average temperature of -15 °C from 
January to March (DeBeer & Pomeroy, 2009).  The average annual precipitation is approximately 
900 mm in the valleys and mid-elevations but increases to 1140 mm above the treeline (Storr, 
1967).  Historically, 65 to 70 % of average precipitation occurs as snowfall (DeBeer & Pomeroy, 
2009).  Due to cold temperatures and high snowfall, snow cover persists in the basin from 
November to June (Marsh et al. 2012) with a melt period that lasts from April until July (DeBeer 
& Pomeroy, 2009).  The closest Environment and Climate Change Canada (ECCC) weather station 
(ID 3053600) with 30+ years of climate records is located 28 km North of the study site at an 
June 8 June 18 
July 6 July 26 
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elevation of 1,391 m a.s.l. (51.03 N, 115.03 W).  Average daily temperatures from June to August 
are 11.4 °C, 14.5 °C, and 13.8 °C, respectively, with an annual minimum of -6.2 °C in December 
and maximum of 14.5 °C in July (Figure 2-4).  Average annual precipitation is 639.3 mm, with 
119.4 mm, 64.9 mm, and 70.8 mm falling over the summer months of June, July, and August 
(Figure 2-4). 
 
Figure 2-4: Environment and Climate Change Canada 30-year climate normals (1981-2010) weather 
station (ID 3053600) located 28 km North of the study site at an elevation of 1,391 m a.s.l. in the 
Kananaskis Valley (51.03 N, 115.03 W).  One and two Standard deviations outlined in temperature. 
Soil and vegetation conditions differ across the wetland in a North to South gradient 
(stream confluence to the headwall).  Near the stream, the wetland is characterised by a thin layer 
of pervious well sorted sand above a semi-pervious layer of very fine silt (Table 2-1).  Well sorted 
soils near the stream in the north of the wetland encourage the establishment of Erigeron 
caespitosus, of the family Asteraceae, native to Western Canada and the Rocky Mountains (Figure 
2-5).  The centre of the wetland has the highest percent of organic matter (LOI) and is defined by 
silt and clay that is moist and plastic but not fully saturated (Christensen, 2017).  The middle of 
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the study area is mostly covered by shade tolerant species like Equisetum, Salix, Castilleja raupii 
and Litter (Figure 2-5).  Litter is highest here because of Salix, a broadleaf shrub that loses its 
leaves.  Finally, brown moss is the dominant groundcover type nearest to the headwall.  Across 
the wetland, soil begins to surpass field capacity at 2 m and becomes increasingly saturated with 
depth (Christensen, 2017). 
 
 
Figure 2-5: Groundcover and vegetation survey results along 3 transects from the stream confluence 
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Table 2-1: Soil characteristics from North to South (N→S) along an increasing elevational gradient, 
and exposure to shade. 
 
















1*10-1 5*10-5 7*10-2 9*10-5 1*10-1 
Avg Ksat 
(m/day) 
95.00 0.04 59.16 0.08 107.61 
BD (g/cm3) 1.64 1.50 1.10 1.12 0.49 
LOI (%) 5.22 4.91 10.20 6.80 6.92 
Permeability Pervious Semi-pervious Semi-pervious Semi-pervious Pervious 
Texture Silt Loam Silt Loam Loamy Sand Sandy Loam Loamy Sand 
 
2.3 Materials & Methods 
2.3.1 Soil Sampling and Analyses 
Three intact soil cores were removed from the ground with a 3-inch PVC pipe to a depth of ~30 
cm in the wetland and ~15 cm near the talus slope. Care was taken to not compress the organic 
layer by cutting along the edges of the pipe. Loose soil samples were collected with a hand auger 
to a depth of 1 m in the wetland and 30 cm near the talus slope. The samples were separated into 
10 cm intervals and stored in a cooler for transportation until analyses could be conducted.  Once 
in the lab, soil samples were prepared and processed for saturated hydraulic conductivity (Ksat) 
(Freeze & Cherry, 1979) , Bulk Density (BD) and Loss on Ignition (LOI) following standard 
protocols (Dean, 1974), but oven dried at 80°C during BD to minimize loss of organic matter 
(Freeze & Cherry, 1979).  The intact samples within PVC pipe were separated into two depths 
representing a surface layer (>15 cm) and a deeper layer (15-30 cm); however, due to measurement 
error, one core was divided into a surface layer of 10 cm and a lower layer of 10-30 cm.  The loose 
(bulk) samples were dried in an oven at 100°C for 72 hours and then broken down with a pestle 
and mortar and put through a 2 mm sieve in preparation for soil texture.  A Horiba LA-950 V2 
Particle Size Analyzer was used to sort the samples as sand, silt, or clay.  The Krumbein Phi-Scale 
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was used for soil texture classification, where particle size was determined by:  sand (62.5 um – 2 
mm), silt (3.90625 – 62.5 um), and clay (< 3.90625 um). 
2.3.2 Vegetation 
A vegetation survey was conducted on August 14th, 2018 by the Rooney Lab, Department of 
Biology, University of Waterloo (Rooney et al. 2018, unpublished).  Three transects were placed 
in parallel lines in a North to South (Stream to Headwall) direction across the wetland (Figure 2-
5).  Each transect was 50 m in length and was separated by 25 m.  A 1 m quadrat was placed every 
10 m along each transect and percentage of groundcover vegetation was estimated within each.  
Seedlings that were too small to identify were not included.  Each transect was completed twice 
and averaged to ensure a representative sample. 
2.3.3 Meteorological Data 
A meteorological tower was installed in the approximate centre of the wetland and instrumented 
with equipment to measure meteorological variables.  Wind speed was measured at a height of 3.8 
m (R.M. Young 05103 – 10A anemometer, Traverse City, Michigan, USA), while net radiation 
(NR Lite, Kipp and Zonen, Delft, Netherlands) and photosynthetically active radiation (Li-Cor 
2319, Lincoln, Nebraska, USA) were measured at 3.05 m.  Air temperature (Ta) and relative 
humidity (RH) were measured at 3.4 m (Vaisala HMP 155, Helsinki, Finland).  Two soil heat flux 
plates (Husk Flux Thermal Sensor HFP01, Delft, Netherlands), were placed under the soil surface 
at a depth of 5 cm to measure an average ground heat flux.  Two ECH2O EC – 5 sensors (Meter 
Group, Hopkins, Washington, USA) measured the average soil moisture at 10 cm depths.  Soil 
temperature (Ts) was measured at 3 depths (2, 5, & 10 cm) with Soil Thermistors (Li-Cor 7900 – 
180; Lincoln, Nebraska, USA). Meteorological equipment was installed from June 7th to 
September 10th, to monitor the 2018 growing season.  Data was recorded on a 9210XLite Logger 
(Sutron, Stirling, Virginia, USA), sampled every 10 seconds and averaged every 30 minutes.   
Precipitation was measured at a nearby meteorological station, approximately 350 m north, at the 
same elevation, in a clearing on the opposite side of Bonsai Lake by a tipping bucket rain gauge 





2.3.4 Eddy Covariance Measurements 
The latent (Qe) and sensible (Qh) energy fluxes were measured with Eddy Covariance (EC) 
instrumentation during the same time period as the meteorological data.  EC measurements at 
Bonsai were collected with a three-dimensional sonic anemometer (CSAT3; Campbell Scientific 
Inc., Logan, Utah, USA) and an open-path infrared CO2 / H2O gas analyzer (IRGA) (LI-7500, LI-
COR Inc., Lincoln, Nebraska, USA) installed at a height of 3 m above the surface on the 
meteorological tower.  The EC system was calibrated to sample fluxes at a frequency of 10 Hz 
with averages calculated and recorded on a data logger (CR1000; Campbell Scientific Inc., Logan, 
Utah, USA) at 30-minute intervals.    
 EC processing followed standard protocols found in the literature and was partitioned using 
REddyProc in Rstudio (RStudio Team, 2016).  To ensure quality and reliable EC data, it was 
corrected to ensure turbulent mixing, functioning instrumentation, and that data being used was 
sourced from within the wetland only (Petrone et al. 2015; Rocha & Goulden, 2009).  EC data was 
quality controlled to remove outliers greater than two standard deviations of the mean (Papale et 
al. 2006) and was gap filled based on a 14-day mean moving window (Falge et al. 2001).  The 30-
minute average fluxes were filtered for periods of low atmospheric turbulence and later corrected 
for density and sensor seperation within the flux footprint.  Final corrections were incorporated 
from Petrone et al. (2001), Wilson et al. (2002), and Brown et al. (2010) and are listed in Appendix 
1.  
2.3.5 Hill shade Model 
Coordinates from Bonsai tower were input into www.suncalc.org (Hoffmann, 2018), a free 
publicly available website tool that provides solar data for selected dates and times across the 
globe.  This tool provided the azimuth, altitude, and shadow length every 15-minutes for clear-sky 
days from June 7th to September 10th.  Clear sky days were selected based on daily field 
observations while at site and through near perfect daily K↓ bell-curve plots.  All records were 
downloaded and compiled into a single table, negative altitude values (time when the sun is below 
the horizon) were removed to avoid error in the hill shade calculation.  These data, along with a 
Digital Elevation Model (DEM), were used as input into a hill shade model in ArcMap (v10.6).  
First, hill shade rasters were created via the hill shade tool and clipped to the study area.  Each hill 
shade raster was reclassified to set shadows to 0 and all other values to 1.  The raster calculator 
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was used to create one hillshade raster that represented the sum of all the rasters for each day.  
Each value for the summed hill shade raster was converted to total hours shaded for each clear sky 
day, using,  
Hours shaded =  
(Shade value)∗ 15 minutes
60 minutes/hour
    (3) 
where shade value was the value of the summed hill shade raster.  
2.3.6 Solar Radiation Model 
To calculate daily K↓ across the study site, the Area Solar Radiation tool was used in ArcMap 
(v10.6).  This tool derives incoming K↓ from a raster surface based on the amount that would be 
intercepted from surrounding topography (via the DEM).  Only daylight hours were input to the 
model, to ensure that the results would be comparable to the Hill shade model.  The output was 
then run through the “int” tool to convert the value of each raster to an integer by means of 
truncation.  Next, “extract by mask” was used to isolate the wetland values from the rest of the 
basin.  Final K↓ values for the wetland were then overlain on top of each other to compare hours 
shaded and K↓.  To quantify intercepted radiation, the solar radiation model was run for a ridge 
located 2.4 km North of Bonsai with no topographic barrier to block K↓.  K↓ at Bonsai was then 
subtracted from K↓ at the ridge and the difference was assumed to approximate the amount of 
radiation directly intercepted by the headwall.  To interpolate observed K↓, PAR values were 
converted to W/m2 by multiplying by 0.219 as indicated in the Plant Growth Chamber Handbook 
(McFarlane & Sager, 1998) that was adapted from Thimijan & Heins (1983), then multiplied by 2 
to represent the full spectrum of K↓.   
2.3.7 Statistical Analysis 
All statistical analyses were performed and summarized with R packages dplyr, reshape2, tidyr, 
and forcats then illustrated with ggplot2 in RStudio (RStudio Team, 2016).  Before any analysis 
was conducted, all data was assessed for normality with a Shapiro-Wilks normality test.  The 
Shapiro-Wilks test concluded that all data was normaly distributed (p > 0.05), with the exception 
of the output from the hill shade model.  The sample size from the solar radiation model was too 
large to compute with a Shapiro-Wilks test (n > 5,000) so it was analyzed with a Quantile-Quantile 
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(Q-Q) plot.  The Q-Q plot indicated that daily K↓ was non-normal so non-parametric testing was 
used to analyze the hillshade and solar radiation models.   
To ensure that shade was an appropriate metric to use in a statistical analysis, it was first 
compared to the intercepted radiation by the headwall.  It was found that intercepted K↓ increased 
alongside shade as the season progressed, indicating that increased shade reduced K↓.  Since more 
shade resulted in greater K↓ interception, its influence on components of the surface energy budget 
was important to understand (Q*, Qe, Qh, and K↓).  A linear regression model was used to 
understand the influence of shade (independent variable) on components of the energy budget 
(dependent variables).  Since the ouput from the hill shade model was the independent variable, 
parametric testing was acceptable to use in this section of the study.  To help isolate shade in the 
statistical analysis, the data was divided based into the periods of Stable Shade with constant 
average daily shade (June 7th to July 30th) and Dynamic Shade with increasing average daily shade 
(July 31st to September 10th). 
2.4 Results 
2.4.1 Climatic Conditions 
Average daily air temperature during the study period (June 7th to September 10th) was 9 °C (±4.1), 
with a daily maximum of 18.6 °C on August 10th and a daily minimum of 0.8 °C on June 11th 
(Figure 2-6).  The ground surface remained frozen until June 20th when Ts (2 cm) quickly thawed 
over three days, increasing in temperature from -0.3 °C to 7.4 °C (Figure 2-6a).  This thaw period 
in the soil profile coincided with the time when the ground surface near the tower started to become 
snow free.  Monthly air temperatures during the study period fell within 2 standard deviations 
(except for May) of the ECCC (ID 3053600) 30-year climate normals for the region (1981-2010), 
indicating that this was a normal and representative growing season based on temperature (Figure 
2-4).  During the study period, temperatures remained within the higher end of the expected range, 
other than in September when it was cooler than the 30-year average (Figure 2-4).  Historically, 
average monthly temperatures at the ECCC station are 11.4 °C (±1.1), 14.5 °C (±1.5), 13.8 °C 
(±1.5), and 9.4 °C (±1.9) in June, July, August, and September (Figure 2-4).  2018 temperatures at 
the ECCC station were normally distributed as they fell within two standard deviations of the 




Figure 2-6: Climate trends over 2018 field season. a) air temperature (Ta) and surface soil 
temperature (Ts) at 2cm; b) precipitation defined by snow and rain, and soil moisture. 
 Historically, 65-70 % of total annual precipitation occurs as snowfall in the area, with 900 
mm in the valley and mid-elevations to upwards of 1140 mm at the treeline (Storr, 1967; DeBeer 
& Pomeroy, 2009).  Total precipitation for the wetland during the 2018 study period was 339 mm, 
close to the average cumulative rainfall amount of Marmot Basin (360 mm), 14 km North in the 
Kananaskis Range.  The beginning of the study period had more frequent and intense precipitation 
events, with two days of rainfall surpassing 30 mm.  High precipitation events occurred on June 
16th and 23rd where each day received approximately 33 mm (Figure 2-6b).  The basin was also 
heavily influenced by snowfall at the start of the growing season, with the last event captured 
through a time lapse camera on July 2nd (Figure 2-6b).  Cumulative precipitation during the months 
of June, July, August, and September 2018 was 49 mm less than the 30-year climate normal for 
the region.  When comparing the individual months, only July and September received the normal 
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amount of precipitation, while the other months had less than the 30-year norm, thus making 2018 
a drier summer. 
 
Figure 2-7: Spatial and temporal trend in soil moisture from the stream confluence (0 m) to the 
headwall (54 m). 
In the middle of the wetland (20-30 m from the steam), the highest daily average soil 
volumetric moisture content (VMC) was recorded on June 18th (34.3 %), and lowest on August 
23rd (20.0 %).  VMC also decreased from the stream to the headwall.  Figure 2-7 illustrates manual 
weekly VMC measurements taken along a North-South transect (in 3 m intervals) from the stream 
to the headwall.  From 0-30 meters away from the stream, VMC was similar (38 % in July and 
35% in August) with different spatial-temporal trends (Figure 2-7).  In July, VMC was greatest 
near the stream and decreased toward the middle of the wetland; while in August the middle of the 
wetland had a higher VMC than the stream area (Figure 2-7).  This was likely due to more pervious 
soil near the stream than the centre of the wetland (Table 2-1), and increased litterfall that has a 
greater ability to hold moisture (Figure 3-3).  South of the tower, with increased proximity to the 
headwall, there was a rapid decrease in VMC because of coarser textured soil and gravel from the 
talus slopes (Table 2-1). 
The remainder of the results section will compare seasonal trends during four time periods 
that were identified based on snowpack thickness and vegetation phenology observed visually 
throughout the study (Figure 2-3).  These seasonal phases were: Snow Melt from June 7th to 23rd; 
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Green Up from June 24th to July 20th; Peak Growing Season from July 21st to August 23rd; and  
Senescence from August 24th until September 10th. 
2.4.2 Energy Budget 
Maximum daily Q* occurred on June 20th (196 W/m2) (Figure 2-8a).  Since most of the site 
remained snow covered on this date, evergreen vegetation that remained buried under the snow 
was not able utilize this maximum daily available energy (Q*-Qg) in transpiration.  When the site 
became entirely snow free in the middle of July, daily Q* was half the maximum amount (100 
W/m2) measured on June 20th.  During day time hours (Q* > 10 W/m2), Q* was highest during the 
Green Up period (236 W/m2) and lowest during Senescence (78 W/m2) (Table 2-2).  K followed 
a similar trend as Q* through much of the Peak Growing Season but was higher during the Snow 
Melt period (Figure 2-8b), because the higher albedo of snow resulted in more K↑.   
Table 2 - 2: Average daytime (Q*>10 W/m2) range of solar radiation (K) and components 
of the energy balance during the clear sky days within each phase of the study period 
(W/m2). 
 K Q* Qe Qh Qg 
Snow melt 
(June 7th – June 23rd)  
336 (±35) 191 (±79) 93 (±34) 47 (±19) 26 (±41) 
Green up 
(June 24th – July 20th)  
331 (±34) 236 (±27) 129 (±24) 64 (±17) 38 (±7) 
Peak Growing season 
(July 21st – Aug 23rd)  
219 (±42) 151 (±35) 98 (±19) 32 (±11) 25 (±6) 
Senescence 
(Aug 24th – Sept 10th) 
129 (±15) 78 (±18) 49 (±4) 17 (±10) 14 (±5) 
 
When the entire site became snow free during Peak Growing Season, vegetation had 85 
W/m2 less per day than during Green Up to use in the transpiration processes (Table 2-2).  Qe was 
the primary contributor to Q* over the entire study period; however, from July 16th onwards, Qe 
comprised a larger percentage of Q* because of decreases in Qh and Qg.  The Bowen ratio (ß) 
remained relatively constant over the study period but spiked from June 20th to June 30th with a 
daily average of 0.34 during snowmelt.  During this time Qh and Qg utilized a greater proportion 
of Q* as snow temperature increased, and the soil began to thaw.  Outside of the seasonal 
maximum, ß remained constant throughout Green Up, Peak Growing Season, and Senescence 




Figure 2-8: Daily average: (a) net radiation (Q*), sensible heat flux (Qh), latent heat flux (Qe), and 
ground heat flux (Qg) in W/m2; (b) Incoming Solar Radiation (K) (W/m2), & (c) Bowen Ratio (β) ( 
𝐐𝐡
𝐐𝐞⁄ ). 
Maximum daily Q*, Qe, Qh, and Qg occurred on June 20
th, July 17th, July 14th, and June 
19th, respectively (Figure 2-8a).  The temporal difference in energy aligned with changes in 
maximum K↓ and shading.  Maximum Q* occurred on June 20th, one day before the summer 
solstice when the sun was near its highest position in the sky.  Because of the sun’s higher altitude 
and azimuth during this time of year, there was increased sunlight hours and a lesser horizon 
shadow effect from the headwall onto the wetland.  Qg reached its maximum on June 19
th when 
large contributions of energy were used to thaw the soil profile in patches of bare ground during 
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the period of peak snowmelt.  Qe and Qh each reached their maximums in the middle of July, a 
normal time for peak vegetative productivity in alpine meadow and tundra ecosystems (Knowles 
et al. 2015; Cao et al. 2017; Millar et al. 2017). 
2.4.3 Hill Shade 
The wetland received an average of 2-3 (±1.1) hours of shade per day over most of the season with 
fluctuations in intensity and spatial distribution.  At the beginning of the study (Snow Melt to Green 
Up), shade was more pronounced in the South-West (SW) corner and decreased in intensity along 
a diagonal gradient towards the North-East (NE) corner (Figure 2-9).  At the same time, a ridge 
sheltered the East side of the basin resulting in increased shade East of the wetland and the tarn 
(Figure 2-9).  July presented a similar spatial pattern in shade as June, but with increased intensity.  
By the end of the month, the horizon shadow established an average of 3-4 hours of shade per day 
through much of the wetland.  Following July, shade continued to increase into August, strongly 
influenced by the headwall at the wetland.  By the middle of August, shade no longer increased in 
a diagonal pattern across the wetland (SW→NE), but rather straight from the headwall to the 
stream (S→N) (Figure 2-9).  This change to the spatial pattern covered a larger portion of the 
wetland, resulting in a rapid increase in the hours of shade per day from the beginning to the end 
of the month.  From August 6th to the 26th, the site transitioned from 2.1 to 5.0  average hours of 
shade per day. 
Table 2 - 3: Spatial and temporal variability in hours of shade per day across the 
site, during the four study periods of 2018. 
 North South East West 
Snow Melt 
(June 7th – June 23rd) 
1.85 (±0.29) 1.75 (±0.18) 2.10 (±0.29) 2.15 (±0.14) 
Green Up 
(June 24th – July 20th) 
1.66 (±0.36) 2.23 (±0.31) 1.93 (±0.39) 2.36 (±0.39) 
Peak Growing Season 
(July 21st – Aug 23rd) 
2.23 (±0.48) 3.15 (±0.98) 2.54 (±0.47) 2.85 (±0.62) 
Senescence 
(Aug 24th – Sept 10th) 





Figure 2-9: Hill shade model results for the beginning, middle, and end of each month during the 
2018 observational period. Inset image illustrates the position and orientation of the site relative to 
the surround topography. 
 
2.4.4 Shading Effects on Solar Radiation 
Modelled K↓ slightly overestimated observed K↓ by 1 MJ until the middle of July and by > 5 MJ 
from mid-July to early September (Figure 2-10).  The results showed that the average amount of 
intercepted radiation per day in Snow Melt, Green up, Peak Growing Season, and Senescence was 
3.1, 3.4, 5.0 and 6.6 MJ; and that solar interception increased by 5.1 MJ from the beginning (June 
17th) to the end of the study (September 10th) (Figure 2-10).  This indicates that the horizon shadow 
effect became stronger as the season progressed, and more K↓ was intercepted prior to reaching 




Figure 2-10: Comparison of total daily observed Solar Radiation at Bonsai, Simulated Solar 
Radiation at Bonsai, and Simulated Solar Radiation atop Fortress Ridge. 
The relationship between cumulative daily K↓ and the average hours of shade per day was 
found to be statistically significant in Dynamic Shade but not in Stable Shade (Figure 2-11).  A 
Kruskal-Wallis one-way analysis of variance found that there was a statistically significant 
difference (p < 0.01) from 1 to 11 hours of shade during Dynamic Shade (Figure 2-11).  Further 
analysis with a Pairwise Wilcoxon Rank-Sum test indicated that certain hourly intervals in shade 
did result in similar cumulative daily K↓ (Table 2-4).  The statistical analysis found that there was 
no significant difference in K↓  (p < 0.05) between 1 and 2 hours of shade per day, 5 and 11 hours 
of shade per day, and >7 and 11 hours of shade (Table 2-4).  Therefore, across all seasons, days 




Figure 2-11: Relationship between the daily average clear sky solar radiation and hill shade model 
output of solar radiation during the periods of Stable Shade and Dynamic Shade at the Bonsai 




Table 2-4: Wilcoxon rank-sum test with non-pooled standard deviation comparisons for solar 
radiation based on the average hours of shade per day during the period of increasing shade, 
Bonferonni P value adjustment method used.  (ns not statistically significant, * <0.05, ** <0.001, 
*** <0.0001, **** <0.00001) 
 1 2 3 4 5 6 7 8 9 10 
2 ns          
3 **** ****         
4 **** **** ****        
5 **** **** **** ****       
6 **** **** **** **** ****      
7 **** **** **** **** **** ****     
8 **** **** **** **** **** **** ****    
9 **** **** **** **** **** **** **** ****   
10 **** **** **** **** **** **** **** **** ****  





2.4.5 Energy Budget & Shade 
Components of the energy budget had a statistically significant negative relationship with shade, 
indicating a more pronounced horizon shadow effect decreased available energy to the system.  
During Dynamic Shade, the regression model found that K↓ had a statistically significant negative 
relationship (R2 = 0.50, p < 0.05) to hours of shade per day (Figure 2-12b).  Therefore, every hour 
of shade per day in Dynamic Shade, reduced K↓ by 32 W/m2 (y = -32.3 x +312.5).  Q* also had a 
statistically significant (R2 = 0.55, p < 0.05) relationship with hours of shade per day (Figure 2-
12b), where each hourly interval of shade decreased Q* by 28 W/m2 (y = -27.8 x +233.6).  Finally, 
the regression model found that Qe and Qh also had a statistically significant relationship to the 
hours of shade per day in Dynamic Shade (Qe: R
2 = 0.63, p < 0.001; Qh: R
2 = 0.29, p < 0.05) (Figure 
2-11b).  For every hour of shade per day Qe and Qh were reduced by 18 W/m
2 (y = -17.9 x +149.4) 
and 6 W/m2 (y = -5.9 x +48.4), respectively.  Therefore, shade had a strong influence on the surface 
energy budget of Bonsai, where every hourly increase of shade during Dynamic Shade decreased 
each component of the energy budget (Q*, Qe, and Qh) by an average of 16 %.  Therefore a 4 hour 
increase in shade would reduce the available energy by approximately 63 %.  
 
Figure 2-12: Relationship between hours of shade and Solar Radiation (Solar), Net Radiation (Q*), 
Latent Heat Flux (Qh), and Sensible Heat Flux (Qe) on clear sky days during the periods of (a) Stable 






2.5.1 Seasonal Subalpine Wetland Energy Partitioning 
The timing of seasonal maximums in energy fluxes observed at our study site were consistent with 
those reported in literature on alpine energy balance (Ledrew, 1975; Konzelmann et al. 1997; 
Flerchinger et al. 2010; Knowles et al. 2014).  However, there are inconsistent conclusions on 
energy balance contributions within the alpine meadow.  For example, studies over the month of 
August at Niwot Ridge, Colorado found Qh to be a greater contributor to the energy balance than 
Qe, with average ß ranging from 1.30 to 1.37 (Ledrew, 1975; Knowles et al. 2014); while, the 
Swiss Alps found that the contribution of Qe exceeded that of Qh in August (ß=0.10-0.51) 
(Konzelmann et al. 1997).  The difference in observations within mountain terrain has been 
attributed to variations in physical and climate features like aspect, slope, elevation, albedo, 
shading, sky view factor, and leaf area index. (Oliphant et al. 2003).   
Konzelmann et al. (1997) found that Qe comprised 65 % of the energy input of a meadow 
plateau (2220 m a.s.l.) and 85 % at a valley meadow (1,680m a.s.l.).  From August 1st to the 27th 
the corresponding ß in their study was 0.51 and 0.1 at the plateau and valley, respectively 
(Konzelmann et al. 1997).   The same time period at Bonsai (2,083 m a.s.l.) yielded similar results 
as the valley meadow, Qe comprised 82 % of the energy budget with an average ß of 0.1.  Qe and 
ß at Bonsai were more comparable to the valley because of similarities in the vegetation 
community (meadow) compared to the plateau (dwarfed shrubs).  The maximum ß aligned with 
other studies that had highest ß in early spring during snowmelt before the beginning of net carbon 
storage (Knowles et al. 2015).   
The greatest Q* occurred during the Green Up period (198 W/m2),  indicating that fluxes 
that rely on available energy, like ET, may be highest during this time.  Although the maximum 
available energy occurred at Green Up, the percent contribution of Qe to the energy budget 
remained constant from Snow Melt to the end of the Green Up (62 – 66 %), increased in the Peak 
Growing Season (86 %), and surpassed Q* during Senescence.  Reduced available energy, due to 
shade, provided seasonal available energy values comparable to those experienced in the closed 
alpine aspen forest understory at 2,049 m a.s.l. (Flerchinger et al. 2010).  They found that the alpine 
understory had an oasis effect, where water table draw down caused understory vegetation to 
senesce before aspen trees that continued to transpire because they had access to deeper water 
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reserves (Flerchinger et al. 2010).  Our study found that increasing Qe at the end of the season may 
be a result of advection from the surrounding forest that increased Qe until it exceeded Q*.  This 
indicates that wetland vegetation entered senescence earlier (due to colder temperatures, overnight 
frost, and decreased soil moisture), while trees in the surrounding forest continued to transpire.    
2.5.2 Temporal and Spatial Patterns of Shade 
Shade had a strong influence on components of the energy budget throughout the study as it 
changed in intensity and spatial distribution from Snow Melt to Senescence.  Temporally, June and 
July received less shade than August and early September, which influenced seasonal growth 
stages.  This was evident as hours of shade per day decreased from Snow Melt (2.3 hrs/day) into 
Green-Up (2.1 hrs/day), then increased into Peak Growing Season (2.8 hrs/day) and peaked during 
Senescence (4.9 hrs/day).  Spatially, the Southern and Western regions of the wetland received 
more shade than the North and East (Table 2-3).  In June and early July, most of the wetland was 
shaded for 1 - 2 hrs/day, while only the SW corner was shaded for over 2 hours per day.  By the 
middle of July, more intense shading (>2 hrs/day) covered half of the wetland; and by early August 
the entire site experienced over 2 hours of shade.  The period of Dynamic Shade is important to 
consider when evaluating the energy fluxes at the site, because this is when the wetland surface 
was fully snow free and vegetation the most productive.   
The spatial patterns in shade were similar to results found in other studies of solar radiation 
distribution and variability in mountain terrain with North-South orientation (Oliphant et al. 2003; 
Marsh et al. 2012).  Across the Tekapo watershed (South Island, New Zealand), Oliphant et al. 
(2003) found that shade was most prominent in the early morning and late afternoon and was most 
extensive on the Southern boundaries of steeper and higher elevations.  Our study indicates that 
shade was also greatest in the early morning and late afternoon with its largest influence in the SW 
corner.  The S and W areas had a seasonal average of 3.0 and 2.8 hours of shade per day, compared 
to 2.1 and 2.5 hours of shade per day in the N and E.  This concludes that the average amount of 
daily intercepted solar radiation was 0.9 , 0.7, and 0.4 MJ greater in the S, W, and E than in the N, 
respectively.  Therefore, over the 96-day study period, the S, W, and E portions of the wetland 
received 86.4, 67.2, and 38.4 MJ less solar radiation due to the cumulative impact of horizon shade, 
respectively.  These spatial patterns explain the thick snowpack along the western and southern 
margins of the wetland and why snow remained longer into Peak Growing Season, as late as 
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August in 2018.  This has occurred in other years at the site, as seen in Figure 2-9 where the western 
boundary was snow covered until August 6th (2012).  Therefore, over the entire study period, one 
additional hour of shade per day in the SW corner reduced K↓ by an average of 51 W/m2 per day, 
enough to maintain snow later in the season on an annual basis.    
2.5.3 Impact of Horizon Shade on Solar Radiation and the Energy Budget 
During the period of Stable Shade, shade did not influence K↓ because it mostly impacted the 
wetland in morning and evening hours when K↓ was low (Figure 2-11).  However, when shade 
increased during Dynamic Shade, radiation was not only intercepted in the morning and evening 
but also during the high radiative input of mid-day hours, significantly reducing total daily K↓ 
(Figure 2-11).  On average, each hourly increase in shade during Dynamic Shade reduced actual 
K↓ by 13 % (32 W/m2) and modeled K↓ by 10 % (35 W/m2 ) (Figure 2-12).  The difference 
between modeled and actual K↓ was because the model only accounted for perfect clear sky 
conditions while actual observations were the best available days but may still have had some 
interference from clouds, fog, and/or forest fire smoke.  The study by Oliphant et al. (2003) found 
that shade reduced modeled K↓ an average of 45.2 W/m2 (18 % per day) across the whole 
watershed, and that higher elevations (1,489 m a.s.l.) received 11 % less K↓ than lower elevations 
(707 m a.s.l.).  Our study performed a more detailed analysis than Oliphant et al. (2003) because 
their work only accounted for one day (February 12th; peak growing season in the southern 
hemisphere), compared rasters as shaded vs. non-shaded in a daily interval (i.e. no hourly ranges), 
and examined an entire watershed (where over 70 % of total surface area was <1,300 m a.s.l.).  
Therefore, Oliphant et al (2003) provided a more general analysis for K↓ at a large basin-wide 
scale, while our study performed a more detailed characterisation of shade but within a smaller 
confined subalpine wetland.  Since modeled K↓ found close agreement with Oliphant et al. (2003) 
around the two-hour margin, it can be assumed that 2 hours of horizon shade per day reduces K↓ 
by an average of approximately 19 % on clear sky days at ecosystems with North-South orientation 
in complex terrain. 
Results from this study found that each hourly increase of shade at Bonsai reduced K↓  and 
Q* by 13 % and 16 %, respectively.  Oliphant et al. (2003) also found decreases in Q* with 
elevation and surface complexity, but by small daily margins (20 %).  The literature has found that 
radiation-use efficiency, or the amount of biomass accumulated per intercepted K↓, across a 
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variety of ecosystems was higher for diffuse radiation than direct radiation (Gu et al. 2002; Urban 
et al. 2007).  Therefore, when shade decreased K↓ throughout Peak Growing Season, diffuse 
radiation helped maintain ET, which stabilized Qe, and supported plant productivity.  
2.5.4 Implications on Alpine Hydrology and Next Steps 
Results from this study found that horizon shade reduced solar radiation input during critical times 
throughout spring snowmelt and created favourable conditions to maintain snow later into the 
season, despite potential increases in overall air temperatures.  This was most evident along the 
southern and western boundaries of the wetland (that received the greatest amount of shade).  
Therefore, shade was an important mechanism for snowpack sustenance, which helped maintain 
patches of thick snow and contribute late summer runoff in the late season when water supplies 
are low.  
Although this study examined the influence of shade on the energy availability of a 
subalpine wetland, there remain knowledge gaps that still need to be addressed.  To close the water 
balance and help advance the development of hydrological models for complex mountainous 
terrain, further studies are required to understand the relationship between evaporative fluxes and 
horizon shadow, and other shadow types.  It is known that snowmelt into late summer is an 
important water source in the Rocky Mountains because it contributes summer runoff to drier 
regions downstream (Fang et al. 2013).  However, warmer temperatures and a shift in climate 
trends have altered the timing and characteristics of these historically stable snow packs (Parker et 
al. 2008).  Currently, there are more winter days with air temperatures above 0 °C than in the past 
(Lapp et al. 2005), which has decreased spring snow cover (Brown & Robinson, 2011), and 
resulted in a thinner snowpack with earlier runoff and lower streamflow (Stewart et al. 2004; St. 
Jacques et al. 2010).  Therefore, ET and snow water equivalence (SWE) must be quantified within 
shaded subalpine wetlands to help determine how water is used within these systems, and their 
importance to downstream water contributions. 
2.6 Conclusions 
The energy budget of a sub-alpine wetland in the Canadian Rocky Mountains was analyzed 
throughout the growing season from June to September.  The temporal patterns and daily ranges 
of energy fluxes, measured at our study site, were consistent with those reported for similar sites 
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in the literature.  Incoming solar radiation and components of the energy budget were highest early 
in the season, during Snow Melt and Green-Up periods, and decreased later into the season.  Most 
of our wetland remained snow covered during the time of annual maximum solar radiation input 
and this snowpack persisted longer into the growing season, due to increased horizon shade.  Shade 
reduced the magnitude of all components of the energy budget and may prove to be an important 
mechanism for moisture control during Peak Growing Season by reducing evaporative losses.  
However, the results from this study only represent one ecosystem within the larger mosaic of 
wetlands, meadows and tundra found in mountain regions.  Since decreases in available energy 
differ based on localised topography, additional studies are required to enhance the knowledge of 
energy budget dynamics of shaded ecosystems across a variety of mountain networks.  Once such 
studies become available, we will be able to more accurately quantify the role of shade on the 






























Chapter 3: Manuscript 2: Analysis of growing season carbon 
and water fluxes of a subalpine wetland in the Canadian Rocky 
Mountains: implications of shade on ecosystem water use efficiency. 
3.1 Introduction 
Alpine regions are an important regulator in the global water balance.  Although mountainous 
terrain only covers 20 % of the Earth’s land mass, they contribute 40 to 60 % of annual surface 
flow (Ives & Messerli, 1999; Grusson et al. 2015).  As a result, many of the world’s major river 
networks originate from alpine sourced headwater basins, where downstream runoff from 
snowmelt may entirely comprise regional stream flow (Viviroli et al. 2011).    In areas that receive 
low summer precipitation, such as the semi-arid Western United States and Canada, alpine 
headwaters provide a natural and continuous water source for irrigation and municipal water 
supplies to over 60 million people (Barnett et al. 2005; Bales et al. 2006).  Because of their large 
hydrological contributions, literature often refers to mountains as the “Water Towers of the World” 
(European Environment Agency, 2009; Immerzeel, 2008).  The Rocky Mountains represent 
Western Canada’s Water Tower, since they store and distribute large quantities of water resources 
across the western prairie provinces and north-central states.  The Rockies are the primary water 
source for over 13 million people that live in cities and rural communities across British Columbia, 
Alberta, Saskatchewan, Manitoba, Washington, and Oregon (Fang et al. 2013).  Runoff from the 
Rockies also supplies the Saskatchewan, Athabasca, Columbia, and Fraser Rivers -  important 
headwater resources for agriculture and industry operations downstream (Fang et al. 2013).  The 
South Saskatchewan River Watershed is one such example, where municipal water supply and 
industry are heavily reliant on runoff from the Rocky Mountains (Figure 1-1). 
Alpine wetlands provide many ecosystem services to mountain landscapes and nearby 
lowlands.  They are widespread across alpine regions, but favour the physical and environmental 
conditions present within intermountain basins and upper mountain valleys (Windell et al. 1986).  
They provide many important hydrological and ecological functions, such as flood mitigation, 
water for consumption and irrigation, and support for important ecological habitats (Aber et al. 
2012).  Wetlands are also an important ecosystem in regulating the global climate and are large 
contributors to carbon (C) storage.  Broadly speaking, all wetlands store 12 to 15 % of the global 
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C pool (Cao et al. 2017), of which alpine wetlands contribute 2.5 % in storage (Zhao et al. 2010).  
In the Western U.S.A. alone, 70 % of the carbon sink is located above 750 m.a.s.l, in landscapes 
covered by 85 % hills and mountains (Schimel et al. 2002; Desai et al. 2011).  As a result, alpine 
regions are extremely diverse and contain hotspots of high soil organic carbon (SOG) in moist to 
wet meadows, moderate SOG in dry meadows, and low SOG in fellfield (i.e. alpine tundra) 
(Knowles et al. 2015).   
Water use efficiency (WUE) is a useful metric to analyse the interaction of water and C 
fluxes of an ecosystem, as it is a proxy that quantifies the carbon-uptake (GPP), through 
photosynthetic process, per gram of water used through evapotranspiration (ET) (Rosenberg et al. 
1983).  It has been measured on numerous scales including: ecosystem, plant, and leaf level and is 
often used in agricultural and crop science (Medrano et al. 2015).  Recently, WUE has also been 
used in studies of alpine wetland ecosystems to help evaluate seasonal water resources (Hu et al. 
2008; Han et al. 2013; Strobl et al. 2017; Quan et al. 2018).  Studies have shown that WUE often 
decreases with increased water availability, resulting in lower WUE at high elevations that 
experience greater water supplies (Han et al. 2013).  Other studies have identified that ecosystem 
WUE adapts to environmental conditions, like the microclimate and available energy over the 
course of a day (Strobl et al. 2017).  Therefore, WUE can be a useful metric to help evaluate the 
influence of various microclimatic changes in alpine environments on C and water. 
The goal of this manuscript is to explore the effect of complex terrain on water and carbon 
fluxes at a sub-alpine wetland influenced by horizon shade.  The first manuscript of this thesis 
(Chapter 2) identified the negative impacts of seasonal shade on available energy budgets at the 
site over the course of the growing season.  This manuscript will: 1) quantify the seasonal patterns 
of carbon and water exchange at the wetland; and 2) investigate if and how they are impacted by 
seasonal shading.  Given that water fluxes are related to available energy through the latent heat 
of evaporation, we hypothesize that ET will be negatively affected by horizon shade and 
potentially cause an increase in WUE (if C-fluxes are unaffected) or constant WUE (if C-fluxes 





3.2 Study Site 
The study was conducted at Fortress Mountain (50.82 °N, 115.21 °W), a non-active alpine ski 
resort, located in the Kananaskis Range of the Canadian Rocky Mountains.  Fortress Mountain is 
located 30 km South of the town of Canmore and 80 km West of Calgary, Alberta (Figure 3-1 
subsets: A, B).  The topographic boundary of the site is outlined by a headwall (~500 m) to the 
south, an ephemeral tarn on the North, and ridges (~150 m) to the East and West (Figure 3-1, 
subset: C).  The alpine wetland study site referred to as Bonsai, is 1 ha in size (Figure 3-1), and is 
classified as a freshwater marsh/wet meadow using methods of Windell et al. (1986).  Bonsai is 
mostly flat with a moderate increasing slope of 6 degrees (2083 to 2086 m) from the tarn to the 
base of the talus slopes (50 m).  Because of the headwall to the South and ridge to the East, the 
wetland is shaded for long durations of time across the day and season, which promotes a thick 
snowpack, long snow-covered period, an extended spring melt period, and a constrained growing 
season (Figure 3-2). 
 
Figure 3-1: Site map Bonsai wetland, showing the location of equipment/sampling, its location in 
the province of Alberta and the Eastern Rockies (A/B), and LIDAR imagery of the basin with daily 
sun path and topographic boundary elevations (C). 
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Surface water from two streams meet at a confluence in the North-Central section of the 
wetland which drains into the tarn, then Galatea Creek and downslope to the Kananaskis River (a 
tributary to the Bow River).  The two main stream branches follow the Eastern and Western 
margins of the wetland and are sourced from springs that emerge at the base of the talus deposits 
(Christensen, 2017).  During spring melt, the Eastern stream floods and water pools above the 
surface in a confined area of the North-East corner for several weeks.  Throughout the growing 
season, the Western stream continues to flow, but the Eastern stream dries by midseason.  
 
Figure 3-2: Images of the seasonal evolution of Bonsai during A) Snow Cover, B) Snow Melt, C) Green 
Up, and D) Peak Growing Season.  Images were taken during the 2018 field campaign on A) June 8th, 
B) June 18th, C) July 6th, D) July 26th.  
Climate conditions within the Kananaskis Valley are indicative of continental air masses 
with long and cold winters and an average air temperature of -15 °C from January to March 
(DeBeer & Pomeroy, 2009).  Average annual precipitation is 900 mm in the valley and sub-alpine 
but increases to well above 1140 mm in elevations greater than the treeline (Storr, 1967).  Snow 
cover remains from November to June, because of cold temperatures and a large contribution of 
precipitation as snowfall (65 – 70 %) (DeBeer & Pomeroy, 2009; Marsh et al. 2012).  The melt 
period often begins in April, as temperatures increase, and finishes in July with maximum solar 
radiation and temperature (DeBeer & Pomeroy, 2009).  A nearby Environment and Climate 
Change Canada (ECCC) monitoring station (ID 3053600: 51.03 N, 115.03 W) identifies the 30-
year (1981 – 2010) average monthly temperature of June, July, August, and September as 11.4 °C, 
June 8 June 18 
July 6 July 26 
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14.5 °C, 13.8 °C, and 9.4 °C, respectively, with an annual minimum of -6.2 °C in December and 
maximum of 14.5 °C in July (Figure 2-4).  Average annual precipitation is 639.3 mm, with 119.4 
mm, 64.9 mm, and 70.8 mm falling over the months of June, July and August. 
There were noticeable spatial differences in the soil (Table 3-1) and vegetation (Figure 3-
3) characteristics across the wetland.  There was a thin layer of pervious well-sorted sand above a 
semi-pervious layer of very fine silt in the North (0-10 m in Figure 3-3, Table 3-1) and Middle 
portions of the wetland (20-30 m in Figure 3-3, Table 3-1).  The Middle section of the meadow 
(20-30 m) had the highest percent of organic material (LOI) and was defined by silt and clay that 
was moist and plastic, but not fully saturated (Christensen, 2017).  Across the wetland, soil 
surpassed its moisture threshold at 2m and increased in saturation with depth (Christensen, 2017).   
In terms of vegetation cover, the Northern section of the wetland was dominated by Erigeron 
caespitosus, of the family Asteraceae, native to the Rocky Mountains Region in Western Canada 
(Figure 3-3).  The Middle section was dominated by shade tolerant species like Equisetum, Salix, 
Castilleja raupii, & Litter (Figure 3-3).  Litter was greatest across the Middle of the wetland, 
because there was a high presence of Salix, a broadleaf shrub that sheds its leaves.  Further South 
and closest to the headwall, groundcover vegetation was largely brown moss (Figure 3-3). 
Table 3-1: Soil characteristics from North to South (N→S) along an increasing elevational gradient, 
and exposure to shade. 
 
















1*10-1 5*10-5 7*10-2 9*10-5 1*10-1 
Avg Ksat 
(m/day) 
95.00 0.04 59.16 0.08 107.61 
BD (g/cm3) 1.64 1.50 1.10 1.12 0.49 
LOI (%) 5.22 4.91 10.20 6.80 6.92 
Permeability Pervious Semi-pervious Semi-pervious Semi-pervious Pervious 




Figure 3-3: Groundcover and vegetation survey results along 3 transects from the stream confluence 
to headwall (N→S).  
3.3 Materials and Methods 
3.3.1 Meteorological Data 
A meteorological tower was installed at Bonsai in the centre of the wetland and instrumented with 
meteorological equipment to monitor the environmental conditions from June 7th to September 
10th, 2018.   Measurements were taken every 10 seconds and averaged to half-hourly values that 
were recorded on a 9210XLite data Logger (Sutron, Stirling, Virginia, USA).  Power to the station 
was provided by a 12-volt deep cycle battery that was charged by a 40-watt solar panel, equipped 
with a SunSaver-20L solar controller.  Wind speed was measured by an R.M. Young 05103 – 10A 
anemometer (Traverse City, Michigan, USA) at a height of 3.8 m.  Net radiation was measured 
with by a net radiometer (NR Lite, Kipp and Zonen, Delft, Netherlands) and photosynthetic active 
radiation was measured by a quantum sensor (Li-Cor 2319, LI-COR, inc., Lincoln, Nebraska, 
USA)  at 3.05 m.  Air temperature (Ta) and relative humidity (RH) were measured with a Vaisala 
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HMP-155 probe at 3.4 m (Vaisala, Helsinki, Finland).  Two soil heat flux plates (Husk Flux 
Thermal Sensor HFP01, Delft, Netherlands) were placed under the soil surface at 5 cm depths to 
measure average ground heat flux.  Two ECH2O EC-5 sensors (Meter Group, Hopkins, 
Washington, USA) measured the average soil moisture at a 10 cm depth below the surface, and 
soil temperatures (Ts) was measured at 3 depths (2 cm, 5 cm, & 10 cm) with Li-Cor 7900-180 soil 
temperature probes (LICOR Inc., Lincoln, Nebraska, USA).  Precipitation was measured by a 
tipping bucket rain gauge (Onset HOBO, Hoskin Scientific, Burnaby, British Columbia, Canada) 
in a forested clearing 350 m North of the study site, but at a similar elevation.  Additionally, to 
capture spatial variability in soil temperature and moisture conditions, two transects were set up 
along the N-S and W-E cardinal directions across the wetland. Manual weekly soil moisture 
measurements were taken in 3 m intervals, using the Hydrosense 2 (Campbell Scientific, Logan, 
Utah, USA) at a depth of 20 cm. 
3.3.2 Eddy Covariance Measurements 
Water, carbon and momentum fluxes were measured at the site with an Eddy Covariance (EC) 
system deployed at the meteorological tower from June 7th to September 10th.  The EC system 
consisted of  a 3D sonic anemometer (CSAT3; Campbell Scientific Inc., Logan, Utah, USA) and 
an open-path infrared CO2 / H2O gas analyzer (IRGA) (LI-7500, LI-COR Inc., Lincoln, Nebraska, 
USA) mounted 3 m above the surface onto the meteorological tower.  Fluxes were sampled at a 
frequency of 10 Hz and averaged over half an hour, with half-hourly averages recorded on a 
CR1000 datalogger (Campbell Scientific, Logan, Utah, USA).  Detailed methods for EC 
processing are listed in the first manuscript, in addition to, Appendix 1. 
3.3.3 Hill shade Model 
Bonsai tower coordinates were input into www.suncalc.org (Hoffmann, 2018), a free publicly 
available website that delivers solar data for any date and time across the globe.  Suncalc provided 
the azimuth, altitude, and shadow length in 15-minute intervals for clear sky days across the study 
period (June 7th – September 10th).  Clear sky days were selected based on daily field observations 
and through near perfect daily K↓ bell-curve plots.  The records for clear sky days (n=31) were 
downloaded and compiled into a single table.  Negative altitude values, or time that the sun was 
below the horizon, were removed to avoid any error in the hill shade calculation.  This data was 
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then loaded into ArcMap (v10.6) alongside a Digital Elevation Model (DEM) for the region to run 
the hill shade analysis.  First, hill-shade rasters were created with the hill shade tool and were then 
clipped to the study area.  Each hill-shade raster was reclassified to associate shadows with a value 
of 0 and everything else with a value of 1.  The raster calculator was used to create one hill-shade 
raster that represented the sum of all the rasters for each day.  Each cell value for the summed hill-
shade raster was converted to total hours shaded, for each clear sky day, with 11 equal interval 
classes from 1 to 11 hours, using the following equation,  
𝐻𝑜𝑢𝑟𝑠 𝑠ℎ𝑎𝑑𝑒𝑑 =  
(𝑆ℎ𝑎𝑑𝑒 𝑣𝑎𝑙𝑢𝑒)∗ 15 𝑚𝑖𝑛𝑢𝑡𝑒𝑠
60 𝑚𝑖𝑛𝑢𝑡𝑒𝑠/ℎ𝑜𝑢𝑟
    (1) 
where shade value was the cell value from the summed hill-shade raster. 
3.3.4 Statistical Analysis and Calculations 
All statistical analyses were performed and summarized with packages dplyr, reshape2, tidyr, and 
forcats then illustrated with ggplot2 in RStudio (RStudio Team, 2016).  Prior to any analysis, data 
was assessed for normality through a Shapiro-Wilks normality test.  Results from the Shapiro-
Wilks test concluded that all daily data used within this analysis was normaly distributed                   
(p > 0.05), other than the hill shade model output.  Since the hill shade results are the independent 
variable and the remainder of the data was accepted by the Shapiro-Wilks test, parametric testing 
was acceptable to use in the statistical analysis.  
Hill shade results from manuscript 1 (Chapter 2) was used in the statistical analysis to help 
understand the influence of shade on the water and carbon fluxes at the site.  A linear regression 
model was used to understand the influence of shade (independent variable) on the water and 
carbon fluxes (dependent variables).  Since the ouput from the hill shade model was the 
independent variable, parametric testing was acceptable to use in this section of the study.  To help 
isolate shade in the statistical analysis, the data was divided based on Stable Shade with consistent 
average daily shade (June 7th to July 30th) and Dynamic Shade with increasing average daily shade 
(July 31st to September 10th). 
Meteorological data was used in the calculation of potential evapotranspiration (PET), used 
in analysis and discussion in this study.  PET was calculated using the Priestley-Taylor equation 






 (𝑄∗  − 𝑄𝐺)    (2) 
where, α is a model coefficient (1.26), s is the slope of the saturation vapour density curve (g/m3), 
γ is the psychrometric constant (66 Pa K-1), Q* is net radiation (W/m2) , and QG the soil heat flux 
(W/m2). 
3.4 Results 
3.4.1 Climatic Conditions 
Bonsai climate was defined by cool air temperature and low precipitation, common in mid-
latitude upper continental elevations (DeBeer & Pomeroy, 2009; Marsh et al. 2012).  The 2018 
study period displayed similar temperature and precipitation trends, as those reported by the 
Environment and Climate Change Canada (ECCC) climate normals (1981 – 2010) for the region.  
Average air temperature during the study was 9 °C (±4.1), with a daily maximum of 18.6 °C on 
August 10th and a daily minimum of 0.8 °C on June 11th (Figure 3-4).  The soil surface remained 
frozen until June 20th and then rapidly increased in temperature from -0.3 °C to 7.4 °C over a three-
day period (Figure 3-4).  The spring thaw aligned with when snow free areas began to form around 
the tower (Figure 3-2B).  Average monthly air temperatures during the 2018 study period fell 
within 2 standard deviations (except for September) of the ECCC 30-year climate normals for the 
region (Figure 2-4).  Rainfall from June to August reached 339 mm at Bonsai, similar to the historic 
seasonal average across Marmot Creek Research Basin (342 mm), located 14 km North in the 
Kananaskis Range (DeBeer & Pomeroy, 2009).  
Data was analyzed focussing on four key time periods, which we refer to as “seasonal 
phases” that were defined by snowpack thickness and vegetation phenology observed throughout 
the study (Figure 3-2).  The seasonal phases were: Snow Melt (June 7th to 23rd); Green-Up (June 
24th to July 20th); Peak Growing Season (July 21st to August 23rd); and Senescence (August 24th to 
September 10th).  The beginning of the study period had frequent and intense precipitation events, 
where two individual days received upwards of 33 mm (Figure 3-4C).  Snowfall was captured on 
a time lapse camera as late as July 2nd and began again in the Fall on August 29th.  In total June, 
July, August, and September (2018) received 49 mm of cumulative precipitation less than the 30-
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year climate normal, where only July and September received the average amount of precipitation.  
Therefore, 2018 had typical temperatures with less precipitation than normal. 
 
Figure 3-4: Trends in weather data over the 2018 field season: a) incoming solar radiation (W/m2) 
and hours of shade per day, b) air temperature (Ta) and surface soil temperature (Ts) at 2cm, and c)  
precipitation defined by rain (plotted as bars), and soil moisture (plotted as the line). 
The highest mean daily volumetric moisture content (VMC), 34.3 %, was measured in the 
middle of the wetland (20-30 m from the stream) at our meteorological station, on June 18th, and 
the lowest VMC of 20.0 % was observed on August 23rd at the same location.  However, VMC 
also varied spatially, as was shown by our weekly manual VMC measurements (Figure 3-5).  The 
manual measurements showed that in July, VMC was higher near the stream and lower in the 
middle of the wetland, while in August the middle of the wetland was more saturated than the 
Snow Melt             Green Up       Peak Growing Season      Senescence 
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stream banks.  This was likely a by-product of well sorted soil near the stream (Table 3-1) that 
limited the ability for moisture retention once the streams ran dry, and greater litter cover in the 
middle (Figure 3-3) that helped keep soils moist.  South of the tower, with increased proximity to 
the headwall, there was a rapid decline in VMC because of coarser textured soil, gravel, and debris 
from the headwall and talus slopes.  
 
Figure 3-5: Spatial and temporal trend in soil moisture from the stream confluence (0 m) to the 
headwall (54 m). 
 
3.4.2 Subalpine Wetland Evapotranspiration 
Across the entire 2018 study period, cumulative evapotranspiration (ET) and potential 
evapotranspiration (PET) reached 158 mm and 176 mm at the site, respectively (Figure 3-6).  
During Snow Melt both ET (0.8 to 2.7 mm/day) and PET (1.1 to 3.3 mm/day) increased because 
of evaporation from snowmelt runoff.  ET and PET continued to increase into Green Up when 
they reached their daily maximum from July 12th to July 17th, due to large inputs from snowmelt 
evaporation and transpiration from wetland vegetation, including trees and shrubs (ET 3.5 
mm/day, total of 21 mm; PET 4.5 mm/day, total of 27 mm, respectively) (Figure 3-6).  In total, 
Green Up contributed 57.5 mm of the seasonal cumulative ET, equivalent to 36.5 % of all ET in 
only 25 % of the study period.  Daily ET contributions were largest during Green Up because 
incoming solar (K↓) and net radiation (Q*) remained high following the solar maximum and 
provided large energy contributions to sustain latent (Qe) and sensible (Qh) heat fluxes, as shown 
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in Chapter 2.  After Green Up, ET was influenced by the increasing horizon shadow effect and 
followed a decreasing trend similar to K↓ through the remainder of Peak Growing Season and into 
Senescence (Figure 3-6; Figure 3-4).  Therefore, Peak Growing Season ET and PET were lower 
than Green Up with daily averages of 2.0 and 2.2 mm/day and cumulative totals of 66.6 and 74.2 
mm, respectively.  This represented a larger contribution than Green Up with 42.2 % of total ET, 
but over a longer period of time (37 % of study period).  During Senescence, ET remained low 
(0.94 mm/day; total of 17 mm) and contributed only 10.8 % to total ET.  Therefore, the Green Up 
and Peak Growing Season provided the largest contribution to seasonal ET (124.1 mm, 78.7 % of 
cumulative ET) during the course of this study, driven by higher K↓. 
 
Figure 3-6: Daily average (a) Potential Evapotranspiration (PET), and (b) Actual Evapotranspiration 
(ET) plotted alongside the average hours of shade per day (black dots) at Bonsai Wetland, Fortress 
Mountain, Alberta, 2018. 
 
Snow Melt                   Green Up                     Peak Growing Season             Senescence 
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3.4.3 Subalpine Wetland Carbon Flux 
The carbon flux was extremely variable during Snow Melt and represented a strong source (defined 
as Net Ecosystem Exchange: NEE, source indicated by positive value), releasing an average of 1.4 
g C m-2 day for a total release of 24 g C into the atmosphere (defined as Ecosystem Respiration: 
Reco) over this period (Figure 3-7).  The wetland then fluctuated between a source and sink  during 
Green Up, where variability in C uptake/release continued until July 6th as the ground surface 
became increasingly snow free.  Following July 6th, Bonsai was a C sink (Negative NEE) until 
Senescence.  C sink strength increased throughout Green Up, when the wetland took up an average 
of 0.58 g C m-2 day for a total carbon sink of 16 g C / Green Up season.  Maximum productivity 
(defined as Gross Primary Production: GPP) occurred once the entire site became snow free and 
green (July 29th to August 2nd) with an average daily GPP, Reco, and NEE of 6.4, 4.5, and 1.8 g C 
m-2 day, respectively.  C sequestration largely took place between the hours of 08:00 and 19:00 
during Peak Growing Season from the middle of July to the end of August (Figure 3-10).  At this 
time, cumulative C uptake  was high enough to offset C emissions from the Snow Melt period and 
shift Bonsai into a cumulative sink (Figure 3-7b).  Ecosystem sink strength continued to increase 
between July 29th to August 2nd , with an average daily C uptake of 6.4 g C and an average C 
release  of 4.5 g C for a NEE of 1.78 g C.  Following the seasonal maximum on July 30 th, there 
was a decreasing trend in the C flux for the remainder of the study.  During the Senescence period, 
the site remained a consistent C sink with a net C uptake of 0.42 g C m-2 day; except for September 
7th which had a NEE of 3.3 g C.  NEE spiked on September 7th because of an abnormally warm 
day (9.4 °C) during Senescence when the average daily air temperature was only 5.5 °C.  Over the 
entire study period, Bonsai was a net sink of 63 g C; however, it may be possible that Bonsai is a 





Figure 3-7: Average (a) Daily carbon fluxes (g C m-2 day), and (b) Cumulative carbon fluxes (g C 
m-2 day).  Carbon fluxes defined as Ecosystem Respiration (Reco), Net Ecosystem Exchange (NEE), 
and Gross Primary Production (GPP), Bonsai Wetland, Fortress Mountain, Alberta, 2018. 
 
3.4.4 Subalpine Wetland Water Use Efficiency 
From Green Up to Senescence, Bonsai had an average WUE of 2.9 g C (kg H2O)
-1 day (± 0.80) 
and was highest during periods of peak productivity (Growing Stage) and lowest during shoulder 
seasons (Green Up & Senescence) (Table 3-2).  Maximum WUE (5.3 g C (kg H2O)
-1) occurred on 
August 20th and minimum WUE (1.4 g C (kg H2O)
-1) occurred on June 29th.  During the seasonal 
maximum on August 20th, vegetation was highly productive, but was water stressed; while on the 
seasonal minimum (June 29th) vegetation was not yet productive but had a large water store.  
Periods surrounding the maximum and minimum illustrate the seasonal trends in WUE; during 
Snow Melt                    Green Up                     Peak Growing Season               Senescence 
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Green Up and Senescence Bonsai had low daily averages (2.4 and 2.9 g C (kg H2O)
-1, 
respectively), while in Peak Growing Season there was high daily averages (3.35 g C (kg H2O)
-1).   
 
Statistical analysis found that WUE was negatively correlated with ET, but positively 
correlated with GPP over the entire study period, confirming that increased ET during Green Up 
led to a lower WUE and a greater GPP in Peak Growing Season resulted in a higher WUE.  WUE 
had a stronger relationship with GPP (p < 0.001, R2 = 0.32) than ET (p < 0.05, R2 = 0.16), 
indicating there was a strong influence from a variety of environmental variables over the study 
period (i.e. VMC, Ta, and Ts, K↓ & Shade) (Table 3-3).  During Dynamic Shade (when shade was 
rapidly increasing), WUE had a non-significant relationship with shade (p > 0.05, R2 = 0.08).   
3.4.5 Effects of Shade on subalpine wetland carbon and water fluxes 
ET had a statistically significant relationship with shade, where a greater horizon shadow led to 
lower evaporative losses.  Actual ET and PET had statistically significant negative relationships  
(R2 = 0.66, p < 0.01; R2 = 0.66, p < 0.01, respectively) with hours of shade per day (hrs/day) during 
Dynamic Shade (Figure 3-8b), but not during Stable Shade (R2 = 0.04, p > 0.05; R2 = 0.02, p > 
0.05) (Figure 3-8a).  During Dynamic Shade, each hour of shade decreased actual ET losses by 
Table 3-2: Average daytime (Q* > 10 W/m2) Water and carbon fluxes over the study 
period on clear sky days: Snow Melt (June 7-23), Green Up (June 24 to July 20), Peak 
Growing Season (July 21 to August 23), and Senescence (August 24 to September 7). 











g C (kg H2O)
-1 
Snow Melt 1.80 -1.81 1.89 0.20 2.30 
(June 7th – June 23rd) (± 0.6) (± 0.8) (± 0.9) (± 0.3) (± 0.7) 
Green Up 3.05 -2.90 1.70 -1.18 1.90 
(June 24th – July 20th) (± 0.6) (± 0.9) (± 0.3) (± 0.8) (± 0.4) 
Peak Growing 
Season 
2.14 -4.61 2.20 -2.39 3.39 
July 21st – Aug 23rd) (± 0.5) (± 0.8) (± 0.6) (± 0.5) (± 0.4) 
Senescence 0.98 -2.19 1.07 -0.97 3.41 
(Aug 24th – Sept 10th) (± 0.1) (± 0.1) (± 0.2) (± 0.3) (± 0.9) 
Average 2.31 -3.41 1.87 -1.49 2.72 
 (± 0.8) (± 1.3) (± 0.6) (± 1.1) (± 0.9) 
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0.42 mm/day (y = -0.42 x +3.3) and potential ET losses by 0.57 mm/day (y = -0.57 x +4.3).  
Therefore, the overestimation of PET was larger early in the season during the period of constant 
shade (ET:PET = 0.80) than late in the season when shade increased (ET:PET = 0.97).  The 
ET:PET ratios align with conclusions drawn from Chapter 2, that found the energy budget was 
strongly tied to the hours of shade per day (Figure 2-12).  Therefore, there was a statistically 
significant relationship between ET and available energy over the study period (R2 = 0.79,                 
p < 0.01), indicating that increased shade (and lower available energy) decreased evaporative 
losses and established a greater potential for water storage. 
 
Figure 3-8: Relationship between hours of shade and Actual Evapotranspiration (ET) and Potential 
Evapotranspiration (PET) on clear sky days during the periods of (a) Stable Shade, and (b) 
Dynamic Shade at Bonsai wetland, Fortress Mountain, Alberta, 2018. 
Bonsai carbon flux was also influenced by shade and had a statistically significant negative 
relationship with GPP (R2 =0.75; p < 0.01) and Reco (R
2 = 0.39, p < 0.05), and a statistically 
significant positive relationship with NEE (R2 = 0.73, p < 0.01) during Dynamic Shade (Figure 3-
9b).  This indicates that each hourly increase of shade during Dynamic Shade decreased GPP by 
0.77 g C m-2 day (y = -0.77 x +6.7); overall decreasing the C sink strength (NEE) by an average 





Figure 3-9: Relationship between hours of shade and components of the Carbon flux: Gross 
Primary Production (GPP), Ecosystem Respiration (Reco), and Net Ecosystem Exchange (NEE) on 
Growing Season clear sky days during the periods of (a) Stable Shade, and (b) Dynamic Shade at 
Bonsai wetland, Fortress Mountain, Alberta, 2018. 
 The period of Stable Shade yielded non-significant and inconclusive results for ET, PET, 
and Reco (Figure 3-7a; Figure 3-8a), indicating that there were other environmental variables 
influencing water and carbon fluxes in  Stable Shade, when there was a similar amount of shade 
and K↓ per day.  Therefore, VMC, Ta & Ts were added to the water and carbon analysis to 
determine their role on fluxes.  ET was strongly influenced by VMC (R2 = 0.55, p < 0.001),                   
Ta (R
2 = 0.53, p < 0.001), and Ts (R
2 = 0.66, p < 0.0001).  It was also found that Ta had a statistically 
significant positive relationship with GPP (R2 = 0.35, p < 0.001), and a statistically significant 
negative relationship with NEE (R2 = 0.35, p < 0.01) and Reco (R
2 = 0.23, p < 0.05).  Ts had a 
statistically significant positive relationship with GPP (R2 = 0.22, p < 0.05), a statistically 
significant negative relationship with NEE (R2 = 0.46, p < 0.01) and a non-significant relationship 
with Reco (R
2 = 0.007, p = 0.76).  Finally, soil moisture had a statistically significant negative 
relationship with GPP (R2 = 0.51, p < 0.01), a statistically significant positive relationship with 
NEE (R2 = 0.55, p < 0.001), and a non-significant relationship with Reco (R
2 = 0.02, p = 0.27). 
 Figure 3-10 found similar results to the statistical analysis, in which ET and GPP were 
strongly influenced by the horizon shadow.  In a uniform and non complex environment, fluxes 
display a normal bell curve pattern increasing in the morning, peaking in the afternoon, and 
decreasing into the evening.  However, at Bonsai there was a noticeable shift from this pattern in 
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the middle of July, where half hourly ET had a sudden reduction at 16:00 hours.  This trend became 
more intense into August, when shade decreased energy and water fluxes in the morning from 
09:00 to 11:00 hours and at 15:00 hours in the afternoon.  The response of ET to horizon shade 
followed a nearly identical pattern as K↓ and Q*, while GPP had a different seasonal and daily 
pattern.  Similar to the results found in the statistical analysis, GPP did not follow the same pattern 
as ET, K↓, or Q* during constant shade, but did have a narrowing bell curve shape in the portion 
of increasing shade in Peak Growing Season.  In general, carbon uptake through GPP was greatest 
midday from the middle of July to the middle of August between the hours of 08:00 and 18:00.  In 
the middle of August there was a rapid decline in C uptake, as the wetland transitioned from 0.27 





















































































































































3.5.1 Growing season evapotranspiration from a sub-alpine wetland 
Bonsai had a significantly lower ET (157 mm) over the summer than other alpine meadows and 
wetlands (Flerchinger et al. 2010; Wu et al. 2015) because of its shorter growing season (Sanderson 
& Cooper, 2008; Wang et al. 2012).  Recent literature suggests that subalpine wet meadows and 
wetlands have a large annual range in ET that may reach up to 994 mm, with growing season (May 
to October) contributions of 200 – 657 mm (Groeneveld et al. 2007; Sanderson & Cooper, 2008; 
Wu et al. 2015).  Large seasonal differences in ET are often caused by localised environmental 
variables that alter season length, like solar radiation, air temperature, precipitation, water table 
depth, and soil moisture content (Flerchinger et al. 2010; Wu et al. 2015).  In this study, low 
cumulative ET at Bonsai was due to the strong relationship between ET, available energy, and 
horizon shade.  Throughout the measurement period shade supported a thick snowpack, delayed 
transpiration contributions to ET, and limited the available energy during critical daily and 
seasonal growth periods.  The influence of shade is evident when Bonsai is compared to studies 
conducted at subalpine wetlands with similar vegetation structure, soil moisture, and water table 
depth.  A wet meadow (3,885 m a.s.l.) in the Qinghai-Tibetan Plateau (QTP), China and a playas 
wetland (2,350 m a.s.l.) in San Luis Valley (SLV), Colorado each had higher seasonal ET with 
236 mm (June to September) and 352 mm (April to October), respectively (Sanderson & Cooper, 
2008; Wu et al. 2015).  Both subalpine wetlands had cool average temperatures, low water tables, 
and vegetation dominated by sedges, grasses, and reeds; indicating that one of the limiting 
variables for low ET at Bonsai was horizon shade.  The impact of horizon shade is visible when 
observing the hourly and daily patterns of water fluxes across the season. 
Bonsai displayed similar seasonal ET patterns to the subalpine wetland, defined by 
increases through Snow Melt, peak ET flux during Green Up, and a steady decline in ET 
throughout Peak Growing Season into Senescence (Cooper et al. 2006; Sanderson & Cooper 2008; 
Wang et al. 2012).  There was a spike in ET during the midday hours (12:00 to 17:00) of early 
June because of evaporation from snowmelt runoff (Figure 3-10).  Following this, ET continued 
to increase until the seasonal maximum, which lasted from July 5th to 17th, two weeks before the 
literature (Cooper et al. 2006; Wu et al. 2015).    Seasonality differed between our study and the 
literature because the influence of shade grew as the season progressed.  In the middle of July there 
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was a noticeable decrease in K↓ (200 to 75 W/m2) and ET (0.13 to 0.05 mm) beginning at 16:00 
hours (Figure 3-10).  The decreasing hourly trend in K↓ and ET continued into August where shade 
began to influence fluxes in the afternoon (beyond 15:00 hours) and in the morning from 09:00 to 
11:00 hours.  During the afternoon, K↓ and ET should have declined until sunset; however, a sharp 
reduction at 16:00 hours in the middle of July indicated that the horizon shadow shaped the 
localized energy and water fluxes during the Peak Growing Season (Figure 3-10). 
This study found that the seasonal water fluxes were strongly influenced by the relationship 
between available energy and the horizon shadow.  The first manuscript of this thesis (Chapter 2) 
found that each hourly increase of shade during Dynamic Shade, reduced daily K↓ and Q* by 13% 
and 16 %, respectively.  Since ET is largely controlled by the available energy, it was expected 
that shade would also strongly influence ET.  During Dynamic Shade, each hourly interval of shade 
per day decreased ET by 17 %.  Therefore, our study drew similar conclusions to the literature 
which found that lower ET aligned with periods of reduced available energy and higher shade 
(Oliphant, 2000).  Since shade had a similar reduction on ET and Q* on clear sky days, it was an 
important control mechanism on the water and energy fluxes at Bonsai over the summer months.   
3.5.2 Variability in sub-alpine wetland carbon flux 
The C flux varied greatly over the study period as the system quickly shifted between a source and 
sink in response to changing environmental conditions following Snow Melt.  When the surface 
was snow covered, the wetland behaved as a carbon source; however, as Snow Melt progressed 
with greater temperature and soil moisture, vegetation productivity increased through Green Up, 
peaked during Peak Growing Season, and decreased into Senescence.  Considering all seasonal 
phases, the study period was a cumulative net sink of 63 g C m-2 and was comparable to snow free 
period values reported in the alpine tundra, meadow, and wetland literature (Kato, et al. 2003; 
Zhao et al. 2010; Knowles et al. 2014; Millar et al. 2017).  Average growing season NEE in alpine 
wetlands varied from strong sinks at the QTP (46 to 212 g C m-2) (Kato et al. 2003; Kato et al. 
2006; Zhao et al. 2010), to strong sources and sinks (-342 to 256 g C m-2) in the Rocky Mountains 
of Wyoming and Colorado (Knowles et al. 2014; Millar et al. 2017).  Although alpine systems 
have shown varying results in ecosystem source/sink strength, winter C flux studies have found 
the alpine meadow and wetland to be a strong C source when the ground surface is insulated by 
snow cover and heterotrophic soil respiration remains active (Zhao et al. 2010; Knowles et al. 
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2014; Lange et al. 2016).  Results from this study found that insulation by the snowpack kept soil 
temperature (2 cm) above -5 °C during Snow Melt, meeting the threshold required for respiration 
to occur (Lange et al. 2016).  This indicates that soil respiration likely continues over the winter 
months at Bonsai, making it an annual net source of C; however, an annual multi-year investigation 
would be required to quantify its average yearly net C contributions and confirm or refute this 
hypothesis. 
Bonsai displayed normal seasonal trends in carbon flux with maximum GPP and Reco 
during peak productivity.  The measurement period began with a thick snowpack during Snow 
Melt that provided an insulating layer that resulted in “pulses” of carbon emission linked to 
precipitation, temperature, and degassing of air pores released during snowmelt.  High 
heterotrophic soil respiration during the Snow Melt period resulted in a C source (averaging 1.4 g 
C m-2 day-1) with the largest contributions occurring overnight in the middle of June from 22:00 
to 06:00 hours.  Because of a lengthy melt process, the Green Up period lasted longer than other 
alpine ecosystems and represented the increase in seasonal C flux that led to peak production 
during Peak Growing Season.  The 2018 Green Up at Bonsai lasted from June 24th to July 20th, 
ending several weeks later than similar sites reported in literature: the QTP (Kato et al. 2004; Zhao 
et al. 2010) and Colorado Rocky Mountains (Knowles et al. 2014) wetlands began green up in 
June and ended by early July.  This study had a shorter Peak Growing Season where the seasonal 
maximum in C uptake occurred two weeks later than literature, because Green Up entered the 
normal productive window found in alpine tundra, meadow, and wetland ecosystems (Kato et al. 
2003; Zhao et al. 2010; Knowles et al. 2014).  This indicates that the microclimate resulting from 
horizon shade extended Green Up and shortened Peak Growing Season by approximately two 
weeks. 
Results from this study found that during the period of increasing shade, the C flux had a 
statistically significant relationship with the horizon shadow.  During Dynamic Shade, GPP and 
Reco had a statistically significant negative relationship with shade, while NEE had a statistically 
significant positive relationship with shade.  Therefore, each hourly increase in shade per day 
during Dynamic Shade, decreased GPP by 15 % and increased NEE by 18 %, indicating that shade 
negatively impacted C uptake in this subalpine wetland.  This finding was similar to other studies, 
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which found NEE to have a statistically significant relationship with K↓ (p < 0.001, R2 = 0.65) 
(Kato et al. 2003; Cao et al. 2017).   
In Stable Shade, when shade remained relatively constant, environmental variables like 
VMC, Ts, and Ta played a strong role in regulating the C flux (Kato et al. 2003; Zhao et al. 2010; 
Cao et al. 2017).  Throughout Stable Shade, NEE increased with greater VMC from snowmelt and 
decreased with higher Ta and Ts during full leaf out, which is why the wetland was a net source in 
Snow Melt and early in Green Up, but a sink at the end of Green Up and throughout  Peak Growing 
Season.  Temperature and moisture have been identified in the literature to strongly influence NEE 
in alpine meadow and wetland ecosystems, in which temperature has been particularly recognized 
as an important photosynthetic cue (Monson et al. 2002; Knowles et al. 2014; Millar et al. 2017).  
The relationship between C and temperature was very noticeable as NEE increased alongside Ts 
through Green Up and Peak Growing Season, and quickly responded to an abnormal spike in Ta 
and Ts on September 7
th in Senescence. 
3.5.3 WUE as an indicator for sub-alpine wetland water use 
Water use efficiency varied in response to changes in plant productivity and water availability.  
Over the course of the study, average WUE was comparable to alpine meadow and wetland 
literature (Hu et al. 2008; Zhu et al. 2014).  Maximum WUE was an order of magnitude less and 
occurred several weeks later in the season than other studies (Hu et al. 2008; Monson et al. 2010; 
Zhu et al. 2014), while minimum WUE occurred during a similar timeframe found in the literature 
(Monson et al. 2010; Tian et al. 2010).  The seasonal differences in WUE were attributed to a 
surplus of water resources during Green Up that supported high evaporative losses and low C 
production, while a lower water supply during Peak Growing Season was mainly used in 
photosynthesis. This indicates that although soil moisture decreased through the season, vegetation 
showed a greater WUE, suggesting that shaded valley wetlands remain productive through a short 
opportunity for growth.  Recent studies have found that during the growing season, WUE increases 
linearly with lower K↓ and that fluctuations in light availability (i.e. horizon shade or cloud cover) 
increase plant productivity (Gao et al. 2018; Kromdijk et al. 2016).  The findings from this study 
agree with the literature, that lower soil moisture and decreased K↓ led to a higher WUE over the 
entire study but found no direct relationship with shade during the period of Dynamic Shade (Niu 
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et al. 2011; Han et al. 2013; Gao et al. 2018).  This confirms our hypothesis that WUE remained 
relatively unaffected because shade reduced ET and GPP by similar margins. 
This study found the environmental variables that influence water and carbon fluxes 
equally control seasonal patterns of WUE.  This is the result of a tightly interconnected ecosystem 
where shade and the resulting microclimate govern the ecohydrological conditions.  Horizon shade 
sheltered a thick snow pack from rapid spring melt which slowly released water, maintained soil 
moisture, and supported evaporation early in the season.  During Peak Growing Season shade 
reduced K↓ and decreased ET into Senescence.  Therefore, horizon shade was a mechanism for 
moisture control because it supported an environment with increased snow accumulation and high 
VMC in the period of Stable Shade and low ET and GPP during Dynamic Shade.  These patterns 
in water use indicate that the constrained growing season at Bonsai was supported by a horizon 
shadow that retained water to support the wetland during productive periods later in the season.   
Under future climate uncertainties, water storage will become increasingly important in the 
subalpine zone, because forests have experienced increased disturbance, shortened growing 
seasons, decreased winter snow accumulation, and increased summer ET losses (Pomeroy et al. 
2012; Harpold et al. 2015; Pomeroy et al. 2015).  As a result, shaded wetlands provide an 
opportunity to store large volumes of water for late season runoff while remaining productive 
within short growing windows.  Therefore, shade may delay or negate any rapid change(s) to 
wetland ecosystem functionality, which will help balance anticipated water losses from alpine 
forests.  However, further research is required on SWE, to help understand snowmelt storage in 
wetlands and its contribution to downstream runoff.  
3.6 Conclusions 
This study analyzed the seasonal trends of water and C fluxes in a subalpine wetland and the role 
of horizon shade and other environmental variables on their temporal variability.  Seasonal trends 
in ET and C found conflicting results with the literature.  Cumulative ET was significantly lower, 
and the timing of seasonal maximum did not align with the literature. Peak C flux was also delayed 
compared to other studies because of a longer Green Up period that led to delayed peak production 
and a shorter Peak Growing Season.  ET was highest in Green Up, while GPP was highest in Peak 
Growing Season, resulting from different controlling variables and water availability. ET and GPP 
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had strong relationships with shade that reduced the available energy for fluxes when shade 
increased as Peak Growing Season progressed.  ET and C fluxes had a similar response to hourly 
increases in shade per day (ET 17 %, GPP 15 % reductions); however, ET responded faster to 
shade and was reduced by a larger margin, indicating that it had a lower energy cut-off threshold 
than GPP.  Therefore, when shade was low and constant in Stable Shade, fluxes were largely 
influenced by environmental variables like Ta, Ts, and VMC; but, when shade increased rapidly in 
Dynamic Shade, it had a large influence on fluxes.  With a seasonal average of 2.9 g C                       
(kg H2O)
-1, Bonsai had a low WUE that was comparable to the literature.  Over the entire study 
period (June 7th to September 10th), WUE increased with decreasing soil moisture, but remained 
relatively unaffected by shade during the period of Dynamic Shade (July 30th to September 10th) 
because it equally reduced ET and GPP. 
Overall, Bonsai water and C fluxes were largely reliant upon snowpack thickness, soil 
moisture, and available energy.  The thick snowpack along the western margin of the wetland 
provided late season melt that maintained VMC and supported ET in Green Up and GPP during 
Peak Growing Season.  However, sharp reductions in ET began in August when horizon shade 
grew in spatial extent and reduced available energy to the wetland.  It is hypothesized that reduced 
evaporative losses helped support late season runoff to downstream communities where water 
supplies are needed (i.e. the prairies).  However, we must further investigate SWE and isotope 











Chapter 4:  Summary and Limitations 
4.1 Summary 
It is widely known that alpine regions will experience increased disturbance (i.e. wildfire, insect 
infestation, and disease) linked to changes in climate and human activity (Desai et al. 2011; Fang 
et al. 2013).  Although the risk of drought and flooding increase in lowlands, there remains a lack 
of hydrological knowledge within alpine headwater catchments during the growing season.  
Historically, research at the headwater has focused on snow and glacial melt during transitional 
periods in spring and fall (Pluss & Mazzoni, 1994; Marks et al. 2008; Ma et al. 2016).  Therefore, 
it is critical to develop a stronger understanding of water use and storage within the Canadian 
Rocky Mountains, because this region has already been subject to mountain pine beetle infestation 
and historic floods (i.e. Calgary 2013).  To help establish effective planning and policy 
development, we must first increase our knowledge on the relationship between the energy and 
water fluxes of mountain ecosystems during the snow free period.  Shade dynamics in alpine 
environments have been shown to significantly control radiation exchange (Oliphant et al. 2003; 
Marsh et al 2012); yet, this was the first in depth study to model seasonal shade patterns during 
the growing season and to determine how shade influences the energy, water and carbon fluxes of 
a subalpine wetland.   
This research found that horizon shade varied in intensity and spatial extent over the 
growing season in relation to the sun path and surrounding topography.  Early in the study, shade 
did not have a large influence over wetland hydroclimatology, averaging only 2 hours per day until 
July 30th.  During Stable Shade, shade was more intense along the South-West boundary of the 
wetland, behaving as an important mechanism for moisture control.  Shade reduced the radiative 
and turbulent fluxes, which supported a thicker snowpack that remained longer into the season 
than anywhere in the surrounding basin.  However, when shade increased in the period of Dynamic 
Shade, components of the energy budget had a statistically significant negative relationship with 
the horizon shadow.  On average, each hourly increase per day in horizon shade reduced Q* and 
K↓ by 28 W/m2 and 32 W/m2, equivalent to 16 % and 13 % of daily total energy, respectively.  
The water and carbon fluxes followed similar patterns as Q* and K↓, where each hour of shade 
reduced ET and  GPP by 17 % and 15 %, respectively.  ET had a faster response to shade, indicating 
that the threshold for energy required to sustain ET was lower than that of GPP.  Water use 
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efficiency was not affected by the horizon shadow, because shade equally reduced ET and GPP.  
Low WUE in Stable Shade indicates that the wetland was highly saturated from snowmelt runoff, 
resulting in high evaporative contributions to ET but low carbon uptake from non-productive 
vegetation.  However, once the snowpack dissipated, the wetland had a high WUE due to lower 
ET and higher GPP from vegetation in full leaf out. 
This knowledge provides better insight in predicting the response of water and carbon use 
in subalpine wetlands to climate change.  In general, subalpine wetlands have been vastly under-
represented in water and carbon flux literature, making the observed measurements from this study 
an important contribution to help establish a working knowledge of baseline conditions within 
these systems.  Therefore, the insights and conclusions drawn from this research will help gap fill 
regional water budgets through enhanced models with an increased understanding of 
ecohydrological conditions in subalpine wetlands.  Finally, increased knowledge on shade within 
mountain catchments will enhance modelling techniques by improving our understanding of 
energy, water, and carbon fluxes within ecosystems surrounded by complex terrain. 
4.2 Project Limitations 
This study encountered some limitations that are important to address.  The hill shade model in 
ArcMap (v10.6) provided a useful tool to help quantitatively analyze the spatial and temporal 
patterns in shade across the study site.  However, the model assumed clear sky conditions with no 
indication of fog, smoke, or overcast skies.  Therefore, observed data was filtered for days that met 
these requirements by analyzing daily field notes and trends in solar radiation.  Only days that had 
clear skies in the field notes and near perfect bell curves in observed solar radiation were included 
in the study.  This reduced the sample size by approximately 32% from 96 sample days to 31 








Appendix 1: Eddy Covariance Processing Method 
Raw EC data was processed internally by the datalogger using the Easy Flux software 
provided by Campbell Scientific within their data loggers, which accounted for Webb density 
(Webb et al. 1980) correction for open path sensors.  Due to limited storage, only final fluxes were 
stored on the data logger and not high frequency data.  Once fluxes and meteorological data were 
downloaded and compiled for the study period, they were processed in R-Software using a custom-
made script, where data was quality checked and flagged for record completeness and outliers, 
following suggested methods in Aubinet et al (2012). Additionally, half-hourly averages that 
measured rain and corresponded to environmental conditions favourable for dew formation 
(calculated from meteorological data) were flagged as missing values in analysis.  A footprint 
analysis was then completed for the study site following Kljun et al 2015 (using their FFP R-
functions).  All fluxes were then filtered to be from within 80% of the calculated footprint (Figure 
A-1).  The data located within the footprint was then processed further, where C-fluxes were 
partitioned and gapfilled and water fluxes were gapfilled.  Carbon flux data was  partitioned into 
component fluxes of gross primary production (GPP) and ecosystem respiration (Reco), while Net 
Ecosystem Exchange (NEE) was subsequently gapfilled, using the REddyProc R-package of 
Wurtzler et al (2018).  Sensible and latent heat fluxes within the footprint of the tower were 
processed following standard protocols found in Petrone et al. (2001), Wilson et al. (2002), Brown 
et al. (2010), and Petrone et al. (2015).  ET was calculated from latent heat flux and gapfilled using 
the Bowen ratio method and Prisetly Taylor calculated ET, following Petrone et al. (2001).  Ground 
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